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Apple scab, powdery mildew and woolly apple aphid are a major concern for apple breeders and 
producers. Control of these diseases is a significant economic and marketing priority for the South 
African apple industry. Application of chemicals and orchard management practices are the main 
methods for controlling these diseases. These diseases require an average of 15 chemical sprays 
per season, which leads to increased production costs for the farmer. The increased cost of 
chemical based control programs and demand from consumers for ‘organic apples’ grown with 
very little to no chemical sprays makes it important to breed for commercial apple cultivars with 
endogenous disease resistance genes (R-genes). The use of genetic tools (apple genetic linkage 
maps and the apple genome sequence) to track and introgress endogenous R-genes in breeding 
and to confer durable disease resistance in commercial apple cultivars will lead to a more cost 
effective means of disease control for apple producers.  
 
Historically, most breeding programmes rely on recurrent conventional breeding systems. This 
involves the crossing of apple selections showing resistance to a given disease with a susceptible 
elite variety. This is followed by phenotyping the progeny to identify trees exhibiting segregating 
field resistance. Several crosses and backcrossing are required to produce resistant varieties and to 
fix the resistance trait using this breeding strategy. This breeding technique is time consuming, 
especially in perennial tree species such as apples, which have a long juvenile period. Molecular 
markers have enabled the building of genetic maps, which has allowed for tracking of the 
inheritance of genes contributing towards the observed resistances. This has given breeders the 
opportunity to start the implementation of marker-assisted-breeding (MAB) and marker-assisted-
selection (MAS). MAB and MAS greatly reduce the time required to select for favourable 
genotypes, given that MAB facilitates efficient selection for inherited traits at the seedling stage. 
With the publication of the apple genome sequence, the identification of the genes involved in 
disease resistances has been made possible and this will allow researchers to venture into 
cisgenics for apples, which will further reduce the time required for the introgression of desirable 
genes into commercial cultivars. 
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The main thrust of this research was to generate dense genetic linkage maps for three mapping 
populations segregating for apple scab, woolly apple aphid and powdery mildew resistance. The 
three mapping populations are ‘Mildew Resistant’ x ‘Golden Delicious’, ‘Russian Seedling’ x 
‘Golden Delicious’ and Malus platycarpa x ‘Mildew Resistant’ and are Malus full-sib outbreed 
mapping populations. The generation of the genetic maps was for use in the subsequent 
identification candidate disease resistance QTLs/genes that can be implemented in apple 
cisgenics.  
 
Integrated genetic maps using SSRs, DArTs and SNP marker data were generated for all the three 
crosses. The integrated map of ‘Mildew Resistance’ x ‘Golden Delicious’ consists of 1, 563 
markers with a total map length of 1, 298.8 cM. The ‘Russian Seedling’ x ‘Golden Delicious’ 
genetic map is composed of 979 markers with a total map length of 1, 729.9 cM. The Malus 
platycarpa x ‘Mildew Resistant’ integrated map has 616 markers and a total map length of 1, 
324.3 cM. Due to the fragmentation of some of the linkage groups in the ‘Russian Seedling’ x 
‘Golden Delicious’ and in the Malus platycarpa x ‘Mildew Resistant’ genetic maps, a 
phylogenetic analysis was performed to evaluate the genetic distances between the parents of the 
crosses in order to understand the cause of the fragmentation of these two integrated genetic maps.  
 
QTLs were detected through the statistical correlation of the phenotypic and map data using 
restricted Multiple QTL Mapping (rMQM) from MapQTL® 6.0. The genome-wide LOD score 
minimum QTL detection thresholds were determined using 10 000 permutations for each 
population. The minimum QTL detection threshold for accepting a putative QTL was then 
determined to be 4.5 for ‘Mildew Resistant’ x ‘Golden Delicious’ and 4.6 for both the ‘Malus 
platycarpa’ x ‘Mildew Resistant’ and ‘Russian Seedling’ x ‘Golden Delicious’ mapping 
populations. A total of 17 putative QTLs were detected for the ‘Mildew Resistant’ x ‘Golden 
Delicious’ population, 10 putative QTLs for the Malus platycarpa x ‘Mildew Resistant’ 
population and nine putative QTLs for the ‘Russian Seedling’ x ‘Golden Delicious’ population 
were detected for the three diseases under study.  
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The two putative QTLs for apple scab resistance detected on LG 02 of the ‘Russian Seedling’ x 
‘Golden Delicious’ map coincided with the loci previously identified as encoding two apple scab 
resistance genes Vh2 and Vh4 on ‘Russian apple’. The QTL for apple scab resistance identified on 
the proximal QTL of LG 02 co-localized with SNP marker R_8936738_Lg2 on the loci where 
Vh4 was previously identified. The distal QTL on LG 02 shown to encode the Vh2 R-gene was 
linked with the SNP marker R_32981524_Lg2. With ‘Russian apple’ being known to carry a 
natural pyramid of R-genes for apple scab on LG 02, therefore, the ‘Russian Seedling’ used in this 
study was screened by a set of 14 SSR markers to determine if it was related to ‘Russian apple. 
The 14 SSRs produced identical alleles to those amplified by ‘Russian apple’, which means 
“Russian Seedling’ and ‘Russian apple’ are closely related or identical. 
 
The LG 02 pseudo-chromosome sequence was extracted from the NCBI database housing the 
apple genome sequence and was then used to mine for the putative R-genes within the two QTL 
regions. The region corresponding to the Vh2 loci, which was roughly a 600 kb region, had two 
clusters of ABC (PDR) disease resistance related genes. These were predicted using a full Pfam 
domain search and were only detected on the negative strand.  The 60 kb region corresponding to 
the Vh4 loci comprised a cluster of LRR domains that were also detected on the negative strand 
using a full Pfam domain search. This 60 kb region was further analysed using Phytozome and 
Genome Database for Rosaceae (GDR) leading to two candidate disease resistance genes being 
identified. Ten consensus gene sequences were present within the 60 kb region, with only two 
transcripts MDP0000657246 and MDP0000128458 identified as being disease resistance related 
genes. The MDP0000657246 was identified on the contig MDC000294 of the Malus x domestica 
reference genome as being a Leucine Rich Repeat protein kinase family, which is one of the most 
abundant disease resistance family mainly involved in the gene-for-gene resistance mechanism. 
The MDP0000128458 locus was identified on contig MDC015161 as being a Ser/Thr phosphatase 
7. The Ser/Thr phosphatase genes have been associated with the regulation of MAP kinase 
cascades that have been shown to induce the hypersensitive response (HR) in tobacco. Therefore 
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these two genes are likely to be the loci associated with the hypersensitive response associated 
with the infection of apples with race 4 of apple scab, carrying the Vh4 apple scab resistance gene. 
 
Recurrent putative QTLs were detected that still need to be validated in order to be used for MAB. 
The ‘Russian Seedling’ x ‘Golden Delicious’ cross produced a single powdery mildew resistance 
QTL located on LG08 and conferring a 1:1 resistance to susceptible phenotypic segregation ratio. 
These results indicate that the source of the resistance thus was a single dominant resistance gene. 
The ‘Mildew Resistant’ x ‘Golden Delicious’ mapping population also showed two stable QTLs 
one for powdery mildew on LG 03, which co-segregated with SNP GD_LG03snp00866 and in 
addition SNP R_13071892_Lg10 was also identified to be co-segregating with the QTL for apple 
scab resistance on LG10. However, none of these recurrent QTLs co-localized with known genes 
or QTLs. 
 
For the phylogenetic analysis, re-sequenced data using the Illumina® sequencing technologies and 
the apple SNP chip data for ‘Russian Seedling’, ‘Mildew Resistant’, Malus platycarpa, a Chinese 
accession of Malus sieversii and ‘Anna’ where used to infer relatedness of the five genotypes. The 
Chinese accession of Malus sieversii was included in the analysis since ‘Russian Seedling’ was 
thought to be relatively close genetically. Whilst ‘Anna’ is known to be a low chilling cultivar of 
Malus x domestica (Borkh) and therefore would add in the phylogenetic placement of ‘Mildew 
Resistant’ and Malus platycarpa.  These were sequenced to coverage of approximately 60X for 
‘Russian Seedling’ and 6X for the other four genotypes. The sequence data was aligned to the 
reference Malus x domestica cv Golden Delicious mitochondrial genome sequence.  Phylogenetic 
analysis was then performed using both the data from the apple SNP-chip and the aligned 
mitochondrial genomes. The results from both sets of data supported the putative evolutionary 
distances between the five genotypes. ‘Russian Seedling’ and M. sieversii were closely related, 
while both were genetically divergent from the closely related ‘Anna’ and ‘Golden Delicious’ 
commercial cultivars. This analysis however indicated that ‘Mildew Resistant’ was relatively 
closely related to ‘Golden Delicious’ and hence the low number of markers showing segregation 
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distortions for the ‘Mildew Resistant’ x ‘Golden Delicious’ population in the 17 LGs of the 
integrated map. However, the other two mapping population exhibited a high number of markers 
with segregation distortions. 
 
Markers which are closely associated with disease resistance to apple scab powdery mildew and 
woolly apple aphid resistance will play a major role in the identification of the genes responsible 
for the resistances being observed. The identification of the two candidate genes for the Vh4 gene 
associated with apple scab resistance will be the platform from which a cisgenic programme can 
be implemented in the South African apple breeding program.  
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CHAPTER 1: Literature Review 
1.0 Introduction 
The domesticated apple is a member of the genus Malus of the family Rosaceae and sub-family 
Maloideae This family ranges from herbaceous species that grow in temperate forests to the 
woody members that are usually pioneer species in woody forests. Malus x domestica is one of 
the most economically important rosaceous species and has an annual product well in excess of 
50 million metric tons per year from 2005 to 2011 (source: Food and Agriculture Organisation 
of the United Nations (FAO), 2013 http://www.faostat.fao.org).  The domesticated apple is one 
of the most important fruit crops of the colder and temperate parts of the world and has been 
placed as the fourth most important fruit crop after citrus, grapes and banana by the Food and 
Agriculture Organisation (source: Food and Agriculture Organisation of the United Nations 
(FAO), 2013 http://www.faostat.fao.org). Currently China is the world’s largest producer of 
apples, accounting for over 43% of all apples produced, with South Africa being ranked 15th in 
terms of world production (FAO, 2013). South Africa ranks first among the southern 
hemisphere producers of apples, with its apple exports having increased by 27% since 2010 
(source: The Global Forum on Agricultural Research (GFAR), http://www.egfar.org). 
 
The South African apple industry is highly developed and competitive internationally. Over the 
past decade (2002/2003 to 2011/2012 growing seasons) the annual production of apples has 
ranged between 710 172 to 822 047 metric tons, from an estimated production area of 20 633 
hectares (source: Deciduous Trust Fruit Producers Trust (DFPT) http://www.deciduous.co.za). 
The bulk of these apples are for the export market, with over 42% of the apple fruit being 
exported over the last decade (source: Deciduous Trust Fruit Producers Trust (DFPT) 
http://www.deciduous.co.za). Apple exports in the 2011/2012 growing season were recorded at 
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358 457 tones and 29 % of these were exported to the United Kingdom alone (Perishable 
Product Export Control Board: Annual Report, 2012). Therefore apples are an economically 
important deciduous fruit for South Africa, as they constitute a source of considerable foreign 
currency earnings and also provide employment. Between 2005 and 2012 apples have 
contributed an average of R2.5 billion per year to the South African economy. In terms of South 
African foreign exchange earnings this represents 26% of all foreign currency earned from 
deciduous fruits (Directorate-Marketing, 2012). This makes, the apple industry of very high 
value to the South African economy and the Western Cape agricultural sector as over 90 % of 
all apples are grown in the Western Cape (source: Deciduous Trust Fruit Producers Trust 
(DFPT) http://www.deciduous.co.za). 
 
Apple is the most ubiquitous of temperate fruits and has been cultivated in Europe and Asia for 
a very long period (Janick, Moore, Cummings, Susan, & Minou, 1996). The origin of apple has 
been strongly suggested to be central Asia. The occurrence of the cultivated apple can be 
explained by the hybridization of “Malus (M) sieversii” with “M. prunifolia”, “M. baccata” and 
“M. sieboldii” in the east, and in the west with the hybridization of “M. sieversii” with “M. 
turkmenorum” and “M. sylvestris” (Harris, Robinson, & Juniper, 2002). Other species of apple 
such as the crab apple are collectively grown for purely ornamental value as they provide a 
large attractive array of fruits, flowers and foliage. 
 
The apple fruit tree is believed to be an interspecific hybrid (Luby, 2003). Fruit set in apple 
trees is a result of insect mediated cross-pollination, accompanied by self-incompatibility 
(Ibanez & Dandekar, 2007). However, cultivation of apples increased with the propagation 
through cuttings and the discovery of grafting techniques. This use of vegetative propagation 
has led to the emergency of fixed genotypes and hence the long lasting effect on the production 
of apples, this selection system has also led to the narrowing of the gene pool for the 
commercially cultivated apple (Kumar, Chagné, et al., 2012). The constricted gene pool and the 
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clonal footprint has resulted in a need to introduce genes from other Malus species carrying 
desirable traits such as early flowering and disease resistance in warm temperate climates such 
as in South Africa has arisen (Flachowsky et al., 2011).  
 
Disease and pest resistance is an important trait for breeders and farmers, as crops with better 
resistance to diseases and pests would result in greater yields with reduced chemical inputs and 
therefore an increase in profits for producers. There are many diseases today that affect apples. 
These include apple scab, fire blight, powdery mildew and woolly apple aphid as the major 
concern for breeders and producers (Markus Kellerhals, 2009). Application of pesticides and 
fungicides are the most commonly used methods of controlling these problems, however 
breeding for apples cultivars that encode resistant genes for the specific pest or pathogen has 
been an alternative technique that has been employed. Since apple trees have a long juvenile 
period, alternative molecular genetic approaches have received a lot of interest due to their 
ability to develop a set of molecular markers that can reduce the waiting period through marker 
assisted breeding (MAB) or the incorporation of desirable genes through cisgenics These 
molecular markers constitute tools that can be used to detect genes controlling traits of 
economic importance thus allow for the use of these genes in cisgenics or for the early selection 
of these traits in breeding programs (M. Troggio et al., 2012). 
 
Advances in genomics have contributed to the improvement of crops in that it has provided an 
avenue to understanding the biological mechanisms that lead to new or improved screening 
methods for selecting superior genotypes more efficiently. Breeding for pest and disease 
resistance has become one of the major objectives of plant breeders (Slađana, Milan, Radosav, 
Milisav, & Radovan, 2010). These tools have facilitated the isolation of genes through the use 
of map-based cloning, identification of QTLs, sequencing and annotation of genomic fragments 
in major food crops (Drost et al., 2009). The introgression of biotechnology into the breeding 
programs has enable progress in terms of the identification of potentially useful genes for 
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various disease resistances and other favourable traits such as plant architecture and flavor traits 
(Kumar, Bink, Volz, Bus, & Chagné, 2012). 
 
1.1 Apple breeding 
The origin of controlled breeding of apples is attributed to Thomas Andrew Knight (1759-1838) 
who produced the first cultivars of known parentage. Knight’s technique continues to be the 
basis of all present day apple-breeding programs. The main aim of all breeding programs is to 
produce a cultivar that will produce a highly marketable fruit at the lowest production costs and 
achieve increased profitability (Rajeev K Varshney, Langridge, & Graner, 2007). Introducing 
traits that reduce production costs is another way to achieve profitability in the apple growing 
industry. Some of these production costs are chemical pesticides, labour and energy costs of the 
crop production part (Volk, Olmstead, Finn, & Janick, 2013).  
 
Worldwide apple production has more than doubled since 1970, from about 20 to 60 million 
tons in 2011 (FAO, 2013). However apples are produced in a three-month period within a year, 
but are consumed all year round. Therefore, with the large amounts of apples being produced, 
favourable cultivars in the industry should be disease and pest resistant, and have a suitable 
shelf life after storage (Janick et al., 1996). The genetic base, however, of the commercially 
cultivated apple has eroded dramatically in the same period. This is due to the fact that the 
parents being used in most breeding programs often involve crosses among the popular 
commercial cultivars, which leads to the fixing of genes within the commercial apples (Q. 
Zhang, Li, Zhao, Korban, & Han, 2012). This decline in the diversity of the gene pool for the 
commercially cultivated apple has occurred in spite of the steady incursion of new insects and 
disease problems. The genetic base of apple and the pool of traits available for breeders to 
incorporate into domesticated apple may be expanded by including wild Malus species in 
cultivar development programs (Kumar, Chagné, et al., 2012).  
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The huge genetic variability found in the apple gene pool has allowed apple breeding for some 
of the required different traits. As a result of selections thousands of apple cultivars have been 
identified (Stephen et al, 2002). Since apple trees are long-lived, and vegetatively propagated, 
cultivars produced hundreds of years ago still exist. ‘Old’ cultivars are little used by breeders 
because their seedlings generally produce fruits of inferior quality to that of cultivars presently 
grown. Until the later half of the twentieth century most of the world’s apple cultivars were 
chance seedlings selected by fruit growers (Janick et al., 1996). This rich diversity of the Malus 
genus has given breeders a great gene pool from which to look for traits and genes to 
incorporate into their breeding programs. Some selected breeding programs such as the Purdue-
Rutgers-Illinois cooperative breeding program in the USA has started to incorporate a few 
selected Malus species in breeding for disease resistance (Q. Zhang et al., 2012).  
 
The means to analyse these genetic variations in a diploid, self-incompatible species like apple 
and especially of uncovering its potential genetic basis are therefore of prime importance for 
breeding purposes (Le Roux et al., 2010). It was demonstrated that such quantitative variation 
results from the combined action of multiple segregating genes and environmental factors. The 
genetics of such traits had been previously studied in general terms using statistical techniques 
(population means and variances) rather than in terms of individual gene effects, due to the lack 
of availability of the necessary tools such as maps to investigate these variations at a genetic 
level (Wilde et al., 2008). 
 
1.1.1 Apple Breeding Objectives 
 
Some of the breeding objectives include cold hardiness for climates with extreme winters and 
low chilling requirements. Fruit quality and disease resistance are the main objectives of most 
breeding programs allover the world. 
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Breeding for pest and disease resistance is one of the major objectives of breeders. Apple is host 
to a wide range of pests and diseases, many of which need to be controlled in order for 
commercial production to be profitable. The breeding for resistance to pests and diseases in 
apples is complex due to the polygenic nature of these resistances. Therefore, breeders have 
taken advantage of the availability of markers linked to QTLs in order to improve genotype 
selection (Kumar, Bink, et al., 2012). This has lead breeders to learn to use marker-assisted 
selection for large effect loci, for example, disease resistance breeding such as in apple scab 
resistance breeding (V. G. Bus, Esmenjaud, Buck, & Laurens, 2009). The use of plant 
resistance is widely regarded as the preferred means of controlling pests and diseases.  
 
1.1.2 Conventional Breeding 
 
Conventional apple breeding is a long and expensive process, in terms of the time required to 
reach a stage were traits can be assessed and the space required to grow the large number of 
progeny generated from any number of crosses in a breeding program. Coupled with a long 
juvenile period conventional breeding is also constrained by the loss of desired genetic 
combinations (Malnoy et al., 2010). Conventional breeding has concentrated on quality traits.  
 
The traditional breeding strategy for apple trees has been to identify superior phenotypes, 
propagate the best selections. This is seen in most commercial breeding programs including the 
South African Apple breeding programme being based mainly upon phenotypic selections (SE 
Gardiner, Bus, Rusholme, Chagne, & Rikkerink, 2007). This is accompanied with cultural 
practices that enhance the performance of these selected cultivars. The best selections are then 
hybridized among themselves in the form of recurrent selection cycles until the desired traits 
are fixed (Foolad, 2007). This breeding method is considered as recurrent mass selection in 
which the key concept is selection of the best individuals and continual recombination over 
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many cycles. The assumption is made that as the population improves, the chances of releasing 
superior genotypes will increase (Oraguzie et al., 2004).  
 
The traditional method of apple improvement has been by selecting the best phenotypes from 
seedlings, as discussed above. Through this method of breeding genetic improvement was 
accomplished through the selection of progeny with desirable traits followed by the desirable 
genotypes being fixed by vegetative propagation (Volk et al., 2013). Apples are self-
incompatible and highly heterozygous; this leads to highly diverse progeny. Only a few of the 
progeny will have major improvements compared to the parents. As most of the important traits 
are under polygenic control, therefore the low efficiency in genetic improvement of breeding 
lines together with a long juvenile period, makes traditional breeding in apples a slow and 
expensive process. Breeders cannot afford long term breeding programmes based on recurrent 
selection achieving small incremental gains for a range of characters in each generation 
(Nordborg & Weigel, 2008). 
 
 
1.1.3 Molecular Assisted Breeding 
 
The classical breeding techniques that employ phenotype-based selection, are slowly giving 
way to modern methods, which have arisen due to recent advances in genetics and genomics. 
These advances have greatly enhanced the understanding of structural and functional aspects of 
plant genomics and have integrated basic knowledge in ways that can enhance the ability to 
improve crop plants to our advantage. The sequencing of the apple reference genome Malus x 
domestica Borkh cv. ‘Golden Delicious’ (Riccardo Velasco et al., 2010) and availability of an 
enormous number of expressed sequence tags (ESTs) (Newcomb et al., 2006), and the 
combining of this new knowledge and traditional breeding knowledge is essential for enhancing 
crop improvement (Ingvarsson & Street, 2011). Most of the economically important traits in 
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apples are complex due to their polygenic nature. Due to the availability of the above 
mentioned advanced genetic tools and also genetic linkage maps with transferable markers in 
apple (Van Dyk, Soeker, Labuschagne, & Rees, 2010), breeders are now able to track these 
polygenic traits in apples using molecular markers, which are usually focused on a QTL or gene 
of interest (Kumar, Bink, et al., 2012).  
 
Only by the joint analysis of segregation of marker genotypes and phenotypic values of 
individuals, is it possible to detect and locate the loci affecting quantitative traits (Asins, 2002). 
The development of genetic linkage maps and molecular markers enabled the mapping of 
Quantitative Trait Loci (QTLs) and consequently genetic mapping studies in apples have been 
able to focus on fruit quality and disease resistance due to the availability of these tools (David 
Chagné, Krieger, et al., 2012). The identification of QTLs enabled the breeder to improve 
traditional breeding practices with these modern molecular mapping technologies, which better 
equipped the breeders to meet the challenge of breeding sustainable resistance to diseases and 
pests. This is called molecular breeding and leads to marker assisted selection of potential 
breeding parents, as compared to conventional/traditional breeding, which depends on 
phenotypic, continuous variations only. Molecular breeding can be applied to either single gene 
(Qualitative analysis) or polygenic characters (Quantitative analysis) (Vaughan, Balazs, & 
Heslop-Harrison, 2007). 
 
The main objectives of any molecular based breeding program is for the use of marker assisted 
selection through the ability to use DNA-based markers to trace favorable alleles across 
generations so as to accumulate these favorable alleles. MAS enables the breeder to identify 
individuals in a segregating population with the desired traits so as to be used in the propagation 
of the next generation. This selection will be based on the allelic composition of a part of an 
entire genome due to the use of DNA-based markers (Francia et al., 2005). Tracking traits 
through the use of molecular markers also allows for breaking the possible linkage of desired 
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traits with undesired loci also known as linkage drag, for example the Vf gene for apple scab 
has been found to be linked with sub-lethal genes (Gao & Van de Weg, 2006). 
 
1.2 Disease and Pest Resistance 
The breeding of commercial apples with multiple, durable resistances is the preferred way to 
controlling pathogens and reducing any environmental impact due to fungicide and pesticide 
use. Breeding for disease resistance is of increasing importance worldwide and the reduction of 
fungicide, pesticide use and yield losses due to pests and diseases are the focus of sustainable 
agricultural policies in many countries (Fukino et al., 2008).  
 
At present the control of the spread of diseases in apples mainly involves three strategies, 
firstly, husbandry techniques, such as orchard maintenance and avoiding the spread of infected 
soil and pathogen contaminated plant material, secondly, the breeding of resistant crop cultivars 
such as ‘Prima’ and ‘Honeycrisp’, which are resistant to certain races of apple scab and lastly, 
the application of agrochemicals (MacKenzie, Hahn, & Michelle, 2011). Although conventional 
breeding has made a significant impact by improving the resistance of many apple commercial 
varieties to diseases of economic importance, the time-consuming process of making crosses 
and the selection of the desired resistant progeny make it difficult to react adequately to the 
evolution of new virulent pathogen races (Melchers & Stuiver, 2000). Tradition breeding has 
also not yet led to the development of a commercial cultivar that has durable resistance. 
Therefore the control of apple diseases by the development of disease resistant commercial 
apple varieties through MAB still remains the only viable, efficient and environmentally 
friendly option to control diseases, as long as sources of resistance for a particular disease are 
available (Kumar, Bink, et al., 2012).  
 
Apple diseases tend to be either catastrophic or debilitating. Globally apple scab and powdery 
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mildew, both fungal diseases are considered to be the most devastating apple pathogens (Pertot 
& Gessler, 2012). Furthermore, fungi are continually becoming resistant to existing resistance 
genes such as the Vf gene in apples that has been overcome by certain races of Venturia 
inaequalis (apple scab) in Germany (Parisi, Lespinasse, Guillaumes, & Krüger, 1993). Some of 
the pesticides are being withdrawn from the market for environmental reasons. The other major 
drawback to the use of enormous amounts of chemicals such as quinol oxidation inhibitors in 
apples is that a lot of the targeted fungi have developed resistances towards such classes of 
fungicides (Fernández-Ortuño, Torés, De Vicente, & Pérez-García, 2010). In addition to 
reducing crop yield, fungal diseases often lower the quality of the crop by producing toxins that 
are detrimental to human health. Alternative methods of disease control are therefore highly 
desirable (Rommens, 2000). 
 
Endogenous disease resistance in apples can be found within its related species, suggesting that 
apples could be improved genetically to encode multiple resistances to many diseases and pests. 
This concept was coined as a technique to reduce grower costs; however, consumer fear of 
chemical pesticides has created a market for fruits grown without pesticides by what has 
become known as the “Organic” market (Q. Wang, Sun, & Parsons, 2010). Collections of 
Malus sieversii collected from Mainland China (Q. Zhang et al., 2012) included accessions that 
were free of diseases prevalent in the natural habitat of the wild apple, such as apple scab 
(Venturia inaequalis) and powdery mildew (Podospaera leucotricha). Therefore, these apples 
have several endogenous resistance genes, which can be traced as shown by these disease free 
accessions of Malus sieversii and can be used for pyramiding into commercial cultivars through 
marker-assisted breeding(Leˆ Van et al., 2012).  
 
Some of these pathogens and pests for which host resistances have been discovered have shown 
the capability to overcome monogenic resistances. A given disease may have more than one 
casual agent and developing cultivars with resistance to one agent may not guarantee resistance 
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to others as shown in the case of apple scab with several pathogen races that can overcome 
single gene resistances (Ayliffe & Lagudah, 2004). The apple breeder should aim to minimise 
the likelihood of such breakdowns of resistance. There are several options to reduce the risk of 
resistance breakdown, one is to pyramid resistance genes and the other is to aim for tolerance 
rather than immunity, because this type of resistance may be durable (Kellerhal & Furre 1994). 
Polygenic disease resistance to apple scab is in some cultivars of apple such as ‘Antonovka 
Poltobutanaja’ (V. G. Bus et al., 2012) has been identified. 
 
1.3 Properties of resistance Genes and their Products 
1.3.1 Resistance Genes 
Plants have evolved numerous defence systems that enable them to prevent pathogen invasion 
and the onset of disease. The first line of defense that pathogens face is the tough plant cell wall 
that is usually reinforced by deposits of callose, which are glucan polymers.  The cell wall is 
considered as a passive line of defense.  
 
The active line of defense begins at the plant cell surface and is divided into two, Fig 1.1. The 
first active line of defense is when the pathogen’ microorganism/pathogen associated molecular 
patterns (MAMPs), which are lopopolysacchariads, peptidoglycans and bacterial 
flagellins/fungal chitin are detected by the host plant’ pattern recognition receptors (PRRs) 
(Guillaume H., Philippe T., & Marc O., 2012). The host cells also respond to endogenous 
particles associated with the pathogen such as cell wall or cuticular fragments referred to as 
danger-associated molecular patterns (DAMPs) (Dodds & Rathjen, 2010). This first level of 
active defense results in what is called MAMP-triggered immunity (MTI). In order to counter 
MTI, Pathogens have independently evolved mechanisms that secrete and deliver what are 
termed effector molecules/proteins directly into the host cell (Mukhtar et al., 2011).  
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The second level of active defense is a second group of immune receptors that is intercellular 
and recognizes specific effectors. This second group of receptors is mainly derived from the 
nucleotide-binding site-leucine rich repeat (NB-LRR) protein family. The activation NB-LRR 
initiates an effector-triggered immunity (ETI). ETI is essentially a high-amplitude MTI 
response, which triggers disease resistance responses that are often associated with localized 
host cell death and systemic defense signaling (Mukhtar et al., 2011).  
 
 
 
Figure 1.1 Principle of MTI and ETI response pathways 
Bacterial and fungal pathogens tend to propagate in the extracellular spaces of plant tissues. These pathogens 
releases molecules such as, lipopolysaccharides, flagellin and chitin, otherwise known as pathogen-associated-
molecular-patterns (PAMP) and are recognised by the cells’ surface pattern recognition receptors (PRRs). 
The surface receptors are generally extracellular leucine-rich-repeat (LRR) domain (blue) and intracellular 
kinase domain (red) based (Figure 1.1). The PAMP molecules trigger the PAMP-Triggered-Immunity (PTI) 
response (Dodds & Rathjen, 2010). However, pathogens can bypass this defense mechanism and deliver the 
effector proteins directly into the host cell. The cell however, has intracellular nucleotide-binding (NB)-LRR 
receptors that can induce effector-triggered-immunity (ETI) (Dodds et al., 2010). 
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ETI is a highly specific recognition system that leads to disease resistance depends upon the 
expression of corresponding pairs of genes in the plant and the pathogen, known as resistance 
(R) genes and avirulence (avr) genes, respectively (Richter & Ronald, 2000). This type of 
resistance is associated with localised cell death (the hypersensitive response or HP) and can 
lead to the elaboration of systemic signals that immunise distal parts of the plant to the 
pathogen infection, a process known as systemic acquired resistance (SAR) (Ryals et al., 1996). 
R protein based resistance to most pathogens has been determined to be race-specific and 
therefore effective against races of a particular pathogen expressing the corresponding effector 
protein (Avr protein) recognised by the R protein (Gururani et al., 2012). 
 
The dominant nature of R and Avr genes has led to the inference that R genes encode proteins 
that can recognise Avr-gene-dependent ligands. Following pathogen recognition, the R protein 
is presumed to activate signaling cascade(s) that coordinate the initial plant defence response to 
impair pathogen ingress. Another requirement of R proteins is the capacity for rapid evolution 
of specificity. However, new virulent races of pathogens regularly evolve that evade specific R 
gene-mediated resistance (Hammond-Kosack & Jones, 1997). Thus, a mechanism is required 
by which plants can rapidly evolve new R genes to resist virulent isolates. 
 
In the absence of a known biochemical role for R gene products, the R gene isolation strategies 
predominantly relied upon is defining the gene’s chromosomal location using segregating 
populations, and then identifying the correct sequence by either transposon insertion to destroy 
biological activity or mild complementation to restore the resistance phenotype. Therefore, 
most crop breeding programs world over are incorporating molecular marker techniques and 
biotechnology in order to improve crop disease resistance (Gururani et al., 2012). 
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Figure 1.2: R gene-Avr gene interactions in plant defense mechanisms.  
Pathogen Avr genes encode proteins (purple and blue) that are secreted and other Avr genes (green) encode 
enzymes that are secreted and are responsible for exporting small molecular weight molecules into the cell 
(Figure 1.2). These products of Avr genes interact with receptors encoded by R genes (yellow and orange) on 
an intracellular or surface membrane level, thereby triggering ETI (Tyler, 2001).  
 
1.3.2 Mechanisms of R-Avr Recognition 
Potential pathogens deliver effector proteins into plant cells to suppress microbe associated 
molecular pattern (MAMP) triggered immunity in plants, resulting in host pathogen co-
evolution. To counter pathogen suppression, plants have evolved disease resistance (R) proteins 
to detect the presence of pathogen effectors and trigger R-dependent defences (G B Martin, 
1999).  
 
Two basic mechanisms have evolved for an R protein to recognise a pathogen effector namely: 
direct physical interaction and indirect interaction via association with other host proteins 
targeted by the Avr factor. Direct R-Avr recognition leads to high genetic diversity at paired R 
and Avr loci due to diversifying selection, whereas indirect recognition leads to simple and 
stable polymorphism at the R and Avr loci due to balancing selection (Xiao et al., 2007). 
 
R-proteins are expected to mediate pathogen recognition via several types of transient or 
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constitutive interactions (Figure 1.4). These potential interactions with pathogen effectors, 
effector-host complexes, modified/unmodified host proteins, downstream defence signaling 
proteins and/or adapter proteins that mediate binding, stabilise or localise the R-protein, thereby 
forming the multi-protein ‘R-complexes’ (Friedman & Baker, 2007). The R-complex acts as a 
trigger. Under normal conditions, intramolecular bonds and the R-complex interactions stabilise 
the R-protein in an inactive conformation. Infection and pathogen effectors disrupt this stable 
conformation by virulent modification of host proteins or other interactions with the R-
complex, thus activating R-protein signaling (de Wit, 2007). 
 
 
Figure 1.3: A: A representation of the general elicitors.  
These general elicitors do not differ significantly in their effect on different cultivars within the same plant 
species. General elicitors are involved in the primary innate immunity pathways. These general elicitors 
include microbes-associated-molecular-patterns (MAMPs), damage-associated-molecular-patterns (DAMPs) 
and pathogen-associated-molecular-patterns (PAMPs). B: This represents the pathways used by specific 
elicitors (or effectors) and these are produced by specialized pathogens and are disease resistance gene 
specific. These specialized effectors induce the secondary innate immunity response mechanism called 
effector-triggered-immunity (ETI) (Guillaume H. et al., 2012). 
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1.3.3 Architecture of R Genes 
 
Several classes of gene-for-gene disease resistance (R) genes have been defined according to 
the structural characteristics of their predicted protein products as indicated in Figure 1.4. The 
most abundant class of R genes encodes proteins containing the nucleotide binding site (NBS) 
and leucine-rich repeat (LRR) domain (M. Tamura & Tachida, 2011). The NBS-LRR class is 
further divided into two subclasses, a) the Drosophila Toll and mammalian interleukin-like 
receptors (TIR-NBS-LRR) and b) the non-Drosophila Toll and mammalian interleukin-like 
receptors (non-TIR-NBS-LRR). The other classes of R-genes encode proteins with the 
following domains, a) the extracellular LRR with trans-membrane receptor and intracellular 
protein kinase domain, b) membrane-spanning proteins with large extracellular LRR, c) 
membrane proteins with a coil-coil domain, and d) those with cytoplasmic ser/thr kinase 
domains (Dangl & Jones, 2001). 
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Figure 1.4: A representation of R-gene classes.  
R-Gene classes with the first two being NBS based genes and the other four being membrane associated genes 
with several classic examples of genes based on the particular motif. The Xa21 and Cf-X proteins carry 
transmembrane domains and extracellular LRRS, whilst the Pto gene and cytoplasmic Ser/Thr kinase are 
suspected of being membrane associated through an N-terminal myristolation site. (Dangl & Jones, 2001). 
 
Data from the genetic analysis of plant-pathogen interactions and data from molecular analysis 
support the model in which the products of R-genes act as receptors for the direct or indirect 
products, by there acting as ligands, of pathogen avirulance (avr) genes. The receptor-ligand 
interactions are very specific and mutations that modify or inactivate avr genes allow pathogens 
to avoid recognition (Ellis, Dodds, & Pryor, 2000b). 
 
An understanding of the variations in R genes is essential for their use in breeding programs 
aimed at neutralising the threat of pathogens. Most R genes are diverse but share a common 
degree of homology, which is conserved and is called a motif. They mainly include a 
nucleotide-binding site (NBS), leucine rich repeat (LRR), a motif with homology to the 
cytoplasmic domains of the Drosophila Toll protein and the mammalian interleukin-1 receptor 
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(TIR), a coiled coil or leucine zip (LZ) structure, transmembrane domain (TM), and protein 
kinase domain (PK) (Liu, Liu, Dai, & Wang, 2007). These classes are discussed in sections 
1.3.3.1 through 1.3.3.1 of this chapter. 
 
1.3.3.1 Nucleotide Binding Site-Leucine Rich Repeats 
The NBS-LRR is the most prevalent R gene class found in both dicots and monocot. It, encodes 
large putatively cytoplasmic proteins that contain a central nucleotide-binding (NB) motif and 
carboxy-terminal leucine rich repeats (LRRs) (Kover & Caicedo, 2001). This family of 
resistance genes is highly associated with the classical gene-for-gene interaction in which 
pathogen elicitors are recognised by the carboxy-terminal LRR and a hypersensitive response is 
activated.  
 
Through the use of NBS-profiling, several resistance gene analogues (RGA) with a conserved 
P-loop motif within the NBS domain were identified in apples. 23 markers were identified and 
mapped to 10 of the 17 linkage groups of the apple genetic map. Most the markers were 
organized as clusters close to major genes or QTLs for resistance to apple scab and powdery 
mildew, which had been previously identified in different apple cultivars (Calenge, Van der 
Linden, et al., 2005). With the publication of the apple genome 992 NBS genes encoding 
resistance in the ‘Golden Delicious’ genome were identified. The distribution of the NBS genes 
was found to be highest within four chromosomes (2,8,11 and 15) containing almost twice as 
many resistance genes as compared to other chromosomes (M. Troggio et al., 2012). 2137 
progenies from a cross of ‘Idared’ and Malus x robusta were used to fine map the region in, 
which the gene responsible for resistance to Fire Blight was located in through QTL analysis. 
From the predicted open reading frames (ORF) from this region one was found to code for 
protein belonging to the NBS-LRR family. Therefore, this ORF was hypothesized to be the 
resistance gene associated with the resistance to Fire Blight in this particular population on 
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linkage group 3 (Fahrentrapp et al., 2013). 
 
1.3.4.2 TIR and Coiled-Coil 
Both the Toll/interleukin-1 receptor (TIR) and the coiled-coil (CC) regions are usually attached 
to the amino-terminal of an NBS-LRR protein. The TIR was discovered because of its 
homology with the intracellular regions of the mammalian Il-1 receptor (IL-1R) and the 
Drosophila protein Toll. The protein contains 3 ‘boxes’ of conserved residues (Bernoux et al., 
2011). It has been suggested that the TIR domain mediates R protein signaling, as the 
overexpression of this domain in Arabidopsis, has been seen to trigger an effector-independent 
cell death response (Krasileva, Dahlbeck, & Staskawicz, 2010). 
 
The Coiled-Coil (CC), which is sometimes referred to as the Leucine Zip (LZ), serves as an 
oligomerization domain for a wide variety of proteins; these include structural, motor and 
transcriptional proteins. The CCs usually consist of two or more alpha helices that wrap around 
each other with super-helical twist (Young, 2000).  
 
The TIR occurs extensively in dicots and is absent in monocots, for example, there are four 
times more NBS-LRR genes in rice than in Arabidopsis, but no TIR type NBS-LRR genes have 
been found in the rice genome (Zheng et al., 2001). A putative resistance gene for Fire blight 
with an NBS-LRR coding region was identified in the ‘Idared’ x Malus x robusta 5 population 
using fine mapping techniques (Susan Gardiner et al., 2012). Using in silico models this 
candidate gene for resistance to Fire Blight was hypothesized to also have a CC region, which 
was similar to the RIN4 gene in Arabidopsis thaliana (Fahrentrapp et al., 2013). Therefore, this 
candidate disease resistance gene for Fire Blight in apples is assumed to also have the CC-NBS-
LRR structure. 
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The TIR and CC domains play a very central role in R-Avr specific recognition in order to 
activate the down stream defence signaling pathways. These two N-terminal regions are also 
involved in determining which signaling transduction pathway is used in the activation of the 
defense mechanism. 
 
1.3.4.3 Receptor-like Kinases (RLK) 
The RLK are a superfamily of trans-membrane proteins with versatile N-terminal extracellular 
domains that vary in structure and c-terminal intercellular kinase catalytic domains. These 
protein domains represent nearly 2.5% of the Arabidopsis protein coding genes, and are the 
largest gene family. RLKs play an important role in the cell recognition processes during 
developmental stages and defence against pathogens. In the New Zealand apple population 
‘Malling 9’ x Malus robusta 5, a proximal QTL on linkage group 3 co-located with a SNP 
marker derived from a LRR-RLK gene (MxdRLP1) for Fire blight resistance. One of the five 
MxdRLP1 alleles identified in fire blight resistance and susceptible cultivars was then 
associated with fire blight resistance through transcriptome and genome data analysis (Susan 
Gardiner et al., 2012).  
 
The role of RLKs in plants is mainly in the perception and transmission of external signals from 
pathogens, for example, the Serine/Threonine protein kinase Pto is autophosphorylated after 
monitoring the signal of the interaction between type III affector AvrPto and tomato Prf, which 
further phosphorylates another serine/threonine kinase Ptilt to induce a series of MAPK cascade 
resulting in HR in host cells (Ellis & Jones, 1998). 
  
1.3.4.4 Extracellular LRR class 
The products of these extracellular LRR class genes have the classic receptor-kinase format. An 
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extracellular LRR has a membrane-spanning region and an intracellular protein kinase domain 
(Lauge & De Wit, 1998). LRR domains are thought to be the major determinant of specificity 
in R-genes. The predicted cellular location of an R-gene protein reflects where it interacts with 
its corresponding elicitor. The LRR-Transmembrane (TM domain) and LRR-TM-Kinase 
classes of proteins are predicted to span the cell membrane, with an extracellular LRR (Hulbert, 
Webb, Smith, & Sun, 2001).  
 
The extracellular LRR class of R-genes includes the rice Xa21 gene for resistance against 
bacterial blight (Xanthomonas resistance) and the Cf genes of tomato for resistance against the 
fungal pathogen (Cladosporium fulvum). The Xa21 product has the classic receptor-kinase 
format. The Cf gene products contain extracellular LRRs and a transmembrane domain, but 
lack a significant intracellular region that could constitute a signaling component, for example, 
a protein kinase domain (Liu et al., 2007). In the Malus spp a multigene family called LRPKm1 
has been isolated and identified as a group of genes that encodes putative membrane-anchored 
LRR receptor-like protein kinases. It was also discovered that LRPKm accumulated in the apple 
cell membrane, especially on challenged apple scab resistant apple varieties (Cova et al., 2010). 
 
One of the other extracellular domains is the serine/threonine protein kinase domain. The 
system well known to have and utilise the serine/threonine protein kinase is the Pto gene for 
bacterial speck resistance in tomato. The Pto gene in tomato encodes a serine/threonine protein 
kinase (PK) with no LRR region and this requires the presence of the linked NBS-LRR gene 
Prf for activity (Gregory B Martin, Bogdanove, & Sessa, 2003). MdE-EaK7 has been identified 
in Malus x domestica ESTs to posses the serine/threonine protein kinase domain. The resistant 
allele was only expressed in the ornamental cultivar ‘Evereste’ after QTL analyses, which lead 
to the identification of the first putative gene for fire blight resistance located on linkage group 
12 (Parravicini et al., 2011). 
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1.4 Mapping 
1.4.1 Principle of QTL Detection 
Quantitative Trait Loci (QTLs) detection is performed by determining the statistical 
significance of association between a phenotypically continuous variation in a genetically 
segregating population and its allelic variation (St. Clair, 2010). QTL analysis involves 
selecting and hybridizing parental lines that differ in one or more quantitative traits and 
analyzing the segregating progeny so as to link the quantitative trait locus to a known DNA 
marker. This process involves mapping DNA markers throughout a genome for the likelihood 
they are associated with a phenotypic trait. Individuals in a suitable mapping population (F2 
backcross, recombinant inbred) are analysed in terms of DNA marker genotypes and the 
phenotype of interest. For each DNA marker, the individuals are split into classes according to 
marker genotype. Mean and variance parameters are calculated and compared among classes. A 
significant difference between classes suggests that there is a relationship between the DNA 
marker and the trait of interest (Chang, Wu, Wu, & Casella, 2009).  
 
The concepts for detecting QTL were developed more than 80 years ago (Sax, 1923).  
However. QTL detection has moved on from simple statistical methods such as analysis of 
variance (ANOVA) to complex statistical and powerful computational tools such as MapQTL 
(Van Ooijen, 2004) that involve several markers and high-resolution genetic maps (Doerge, 
2002).The initial reports of a single gene marker associated with a quantitative trait where 
carried out by Sax, (1923). Sax reported the associations of seed size in beans, which is a 
quantitatively inherited trait, with seed coat pigmentation, a discrete monogenic trait. This was 
interpreted as the linkage of a single gene controlling seed coat colour with one or more of the 
Quantitative Trait Loci (QTLs) controlling seed size. The very idea of the use of single gene 
markers systematically to map polygenes controlling quantitative traits was put forward by 
Thoday & Gibson, (1964). The idea stated that the segregation of a single gene marker could be 
used to detect and estimate the effect of a linked QTL. Therefore, if single markers are found 
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throughout the entire genome, it should be possible to map and characterise the polygenes 
affecting the character in question (Thoday & Gibson, 1964). However the accuracy of any 
mapping procedure does not depend only on the ability of the statistical method to determine 
the location and to estimate the genetic effect of the QTL. Other important factors such as the 
size of the segregating population and the heritability of the trait influence the accuracy of the 
mapping procedure (Tanksley, 1993). A large sized segregating population allows for all 
possible recombinant events to be witnessed in that particular cross. This means the detection of 
QTLs or genes will more accurate is the position will be accurately calculated. 
 
In practice Thoday and Gibson’s theory was difficult to implement at the time. Very few 
organisms had monogenic markers that had been mapped and even the ones that had markers 
available were unsuitable for quantitative trait studies. The other problems that were faced at 
that time were with the available maker genes showing dominance and epistasis in natural 
populations (Burke, Burger, & Chapman, 2007). However these challenges has been over come 
with the development of markers suitable for tracking genes/QTLs such as simple sequence 
repeats and single nucleotide polymorphisms, which can be found throughout a genome. 
 
1.4.2 Linkage Mapping 
Mapping is placing markers in order, indicating the relative genetic distances between them and 
assigning them to their linkage groups on the basis of recombination values from all their pair-
wise combinations (Foolad, 2007). Genetic linkage maps illustrate the order of markers of 
genes on a chromosome and the relative distances between those genes. Before the advent of 
molecular markers, these maps were developed through tracing the inheritance of various single 
genes, such as fruit colour, through several generations. Genetic linkage maps are possible 
because of cross over during meiosis, as this process gives rise to new gene combinations (Gill, 
Hans, & Jackson, 2008). 
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The development of a linkage map usually follows three phases, once the markers have been 
scored; firstly linkage is detected or loci are declared unlinked, secondly recombination 
frequencies between each pair of linked loci are estimated and lastly the loci are ordered into a 
linear map (Tanksley, 1993). Markers are assigned to linkage groups using the odds ratios. 
These ratios refer to the probability that two loci are linked with a given recombinant value over 
a probability that the two are not linked (Semagn, Bjørnstad, & Ndjiondjop, 2006).  
 
Molecular markers and marker mapping are part of the tools of the new genetics that are the 
face of modern biology and that covers from genomics to breeding, from transgenics to 
developmental biology, into plant and crop physiology (Jones, Ougham, & Thomas, 1997). 
These genetic linkage maps allow a more detailed picture of genome structure and organisation. 
Linkage maps allow researchers to have a clear picture of the genetic architecture, localization 
of genes and ultimate can be used to identify QTLs. Since the publication of the apple reference 
map ‘Fiesta’ x ‘Discovery’ (Liebhard, Koller, Gianfranceschi, & Gessler, 2003) numerous 
studies and maps have been published in order to understand and breakdown the effects of loci 
controlling various economically important traits. These Malus maps created from transferable 
markers such as SSRs and SNPs in segregating populations such as the one from Liebhard et 
al., (2003) can inform the selection of markers for mapping in other potential mapping 
progenies (Silfverberg-Dilworth et al., 2006). The availability of transferable molecular markers 
for mapping has enabled the use of the reference map for Malus to be used as the bases for 
other maps that have been published (Van Dyk et al., 2010) and for anchoring the genome 
sequencing scaffolds for the assignment of pseudo-chromosomes (Riccardo Velasco et al., 
2010).  
 
1.4.3 Molecular Markers 
Molecular markers can detect protein or DNA polymorphism; both at the level of specific loci 
and at the whole genome level. The coming of molecular markers has made it possible; not to 
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only map single gene traits but to map and characterise QTLs underlying quantitative traits in 
populations.  
 
With the discovery of allelic forms of enzymes, isozymes, no longer was it necessary for a gene 
to cause a discrete and visible change in the phenotype of an organism in order to detect and 
study the gene responsible. The advent of the ability to screen for enzymes coding for genes 
using electrophoretic techniques independent of any phenotypic changes, marked the beginning 
of molecular markers (Smithies, 1955). This strategy of using isozymes for mapping QTLs was 
similar to the ones proposed by Thoday (Tanksley, 1993). 
 
The advancement of molecular markers came in the form of DNA-based genetic markers. 
Restriction Fragment Length Polymorphisms (RFLPs) were the first in this line of new markers. 
Random Amplified Polymorphism DNA (RAPDs) and microsatellites were to follow as the 
next DNA-based markers. As with the isozymes, allelic variation for DNA-based markers may 
have non-detectable phenotypic effect. This variation can be detected at the DNA level and thus 
can reveal more polymorphism (Slate, 2008). These can be referred to as neutral variations. 
DNA based markers reveal neutral sites of variation at the DNA sequence level. These are 
neutral variation are unlike morphological markers in that these variations do not show 
themselves in the phenotype, and each might be nothing more than a single nucleotide 
difference in a gene or a piece of repetitive DNA.  
 
The main drive of any marker-assisted breeding program is to develop markers that are directly 
linked to the trait of interest. Therefore molecular markers generated from gene sequencing and 
linked to the trait are very desirable and are known as ‘functional markers’ (FMs) (R K 
Varshney, Graner, & Sorrells, 2005). FMs have some advantages over Random markers that are 
generated from an anonymous region of the genome (RMs) because they are completely linked 
to the desired trait allele. These markers are usually derived from the gene responsible for the 
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trait of interest and target the functional polymorphism in the gene, thus allowing selection in 
different genetic backgrounds without revalidating the relationship between the marker and 
QTL allele. Thus, these are referred to as perfect markers. The advantage of such markers is 
that they allow the breeder to track specific alleles within pedigrees and populations and to 
minimise linkage drag flanking the gene of interest (Wang et al., 2007) 
 
Most of the molecular research in apple to date has focused on identifying genetic markers for 
pest and disease resistance genes, as apple has proved to be a rich source of simply inherited 
resistance genes with major effects (SE Gardiner et al., 2007). The salient challenge of applied 
genetics and functional genomics is the identification of the gene(s) underlying a trait of interest 
so that it can be exploited in crop improvement programs. Recently, functionally characterised 
genes, Expressed Sequence Tags (EST) and genome sequencing projects have facilitated the 
development of molecular markers from the transcribed regions of the genome. Among the 
more important molecular markers that can be developed from ESTs are single-nucleotide 
polymorphisms (SNPs), simple sequence repeats (SSRs) or microsatellites, or conserved 
orthologous sets of markers (COSs). Putative functions can be deduced for the markers derived 
from ESTs or genes using homology searches (BLASTX) with protein databases (for example, 
NR-PEP and SWISSPROT) (Young, 2000). 
 
Increasingly, markers are being employed in the selection of loci controlling traits that are 
difficult to select phenotypically. As markers become more abundant, breeders have developed 
strategies for their use that are compatible with financial resources and their breeding goals. 
Markers are now increasingly being used in the selection of parental material, for example, the 
pyramiding of genes for the development of durable disease resistance or for fruit quality in 
apples (Rajeev K Varshney et al., 2007). 
 
There are many types of DNA based markers. First were the Restriction fragment length 
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polymorphisms (RFLPs), others that have now been developed include Random Amplification 
of Polymorphic DNA (RAPDs), Cleaved Amplified Polymorphic Sequence (CAPS), Simple 
Sequence Repeats (SSRs) and Amplified Fragment Length Polymorphisms (AFLPs). The most 
recently developed molecular markers are single nucleotide polymorphisms (SNPs), Variable 
Number Tandem Repeats (VNTR), Sequence Characterised Amplified Region (SCAR), 
Diversity Arrays Technology (DArTs) and single feature polymorphisms (SFPs) (Slađana et al., 
2010). Restriction enzymes, electrophoretic separation of DNA fragments, Southern 
hybridization, the polymerase chain reaction (PCR), and labelled probes are the tools that allow 
the use of these neutral markers. 
 
1.4.3.1 Microsatellites or simple sequence repeats (SSRs) 
Plant genomes contain a large number of simple sequence repeats (SSRs), or microsatellites of 
approximately 6-9 bps, which are tandemly repeated and widely scattered at many hundreds of 
loci through the chromosome complement. They may be dinucleotides n(AC) , n(AG) , n(AT); 
trinucleotides n(TCT), n(TTG)  and so on, where n is the number of repeating units within the 
microsatellite locus (Gill et al., 2008). 
  
The availability of genetic markers is essential to select and breed apple varieties of high quality 
and multiple disease resistances. Microsatellites are very useful; there are co-dominant, highly 
polymorphic, abundant and reproducible (Liebhard, Kellerhals, Pfammatter, Jertmini, & 
Gessler, 2003).  
 
1.4.3.2 Single nucleotide polymorphisms  
Single Nucleotide Polymorphisms are single nucleotide base variations observed in a DNA 
sequence. These can be found in most genomic regions including coding regions thus making 
them potentially effective for tracking traits and genes. Their frequent occurrence provides a 
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large source of widely distributed genetic markers some of which are likely to be found close to 
target genes of interest. SNPs were useful for the alignment of the genetic and physical maps in 
order to assemble the apple genome sequence (Velasco et al. 2010). SNPs have become the 
marker of choice due to their abundance throughout genomes, co-dominance and their 
transferability (Michela Troggio et al., 2013). 
 
The demand for new technologies that allow the integration of large numbers of SNP 
polymorphisms in smaller custom designed sets, in order to elucidate the nature of complex 
disease through linkage associations, has grown in the last decade. The ability to genotype 
millions of SNPs in a single assay has become feasible due to innovative combinations of assay 
and array platform multiplexing. The Illumina BeadArray technology has offered a flexible 
platform for such analysis through two high-throughput assays: the GoldenGate and the 
Infinium. Both these assays utilise BeadBased technology, where targeted regions of the DNA 
are immobilised on beads randomly arranged into arrays, and the SNPs are visualised through 
fluorescent tags, which differentiate alleles (Steemers & Gunderson, 2005). Beadchips provide 
a platform to highly multiplex samples for high throughput analysis. This multiplexing can be 
as high as 1 000 000 markers per chip. The density of the arrayed features for this kind of high 
level of analysis allows for a high level of intrinsic assay redundancy. Each locus is assayed 
with an average of between 15 and 18 fold redundancy for each sample (Illumina. Inc, 2010.). 
 
Due to the availability of the genome sequence for apple, the development of a apple SNP chip 
to add in MAS was carried out (Kumar, Chagné, et al., 2012). During the sequencing and 
assembly of the genome a total of 3.3 million SNPs were identified. These SNPs were 
instrumental in the development of the apple SNP chip and the anchoring of the metacontigs 
from the sequencing (M. Troggio et al., 2012). The whole genome wide SNP discovery and 
validation for the apple SNP chip was performed from 27 apple cultivars that were identified to 
be the most representative cultivars in the breeding germplasm worldwide (David Chagné, 
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Crowhurst, et al., 2012). 
 
1.4.3.3 Diversity Arrays Technology  
Diversity arrays technology (DArTs) is a high throughput system based on a microarray 
platform that is a hybridisation-based molecular marker technique, which can detect 
simultaneously variation at numerous genetic loci without sequence information (Risterucci et 
al., 2009) DArTs work by reducing the complexity of a DNA sample and obtaining a 
representation of that sample. Several reduction methods are available and the most preferred 
method relies on a combination of restriction enzymes and adapter ligation, followed by 
amplification (H. Butler & Ragoussis, 2008). DArTs have three key attributes of interest: (a) it 
is independent from DNA sequence, (b) the genetic scope of analysis is defined by the user and 
easily expandable and (c) the method provides for high throughput and low-cost data 
production (Henk J. Schouten et al., 2012). 
 
The scoring of polymorphic DArTs does not require DNA sequence data. This makes the 
method applicable to all species, regardless of how much DNA sequence information is 
available for that particular species. Genetic scope of this method depends on the amount of 
DNA in the germplasm of the species under study, this is so because the method is developed 
from the ‘metagenome’, by pooling the genomes from the relevant germplasm (Jaccoud, Peng, 
Feinstein, & Kilian, 2001). 
 
A DArT genotyping array for apples has been developed and assessed for it performance. Two 
mapping populations (‘Prima’ x ‘Fiesta’ and 2000-2012) were used in assessing the accuracy 
and reproducibility of marker data and cost per data point. Using the standard genome 
complexity reduction method, the DArT array for apples proved to be of high quality, very 
suitable for genetic mapping and providing moderate genome coverage (55-76%) (Henk J. 
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Schouten et al., 2012).  
 
1.4.4 Properties of Molecular Markers 
 
There are certain attributes that differentiate molecular markers from morphological markers 
and these have permitted the rapid advancements being seen in QTL mapping. Some of these 
properties are the phenotypic neutrality and the polymorphism of these markers. 
 
1.4.4.1 Phenotypic neutrality 
Molecular markers overcome the problem of a marker gene having a larger phenotypic effect 
than the linked QTL. Alternate alleles at molecular marker loci usually cause no obvious 
changes in the phenotype of the organism. In DNA-based markers most of the allelic variation 
is detected in the non-coding regions of the genome. Phenotypically, neutral molecular markers 
made it easy to detect linkage between the segregation marker and the QTL, and have also 
provided an unbiased way to estimate the phenotypic effect of each QTL without interference 
by the marker locus (Tanksley, 1993). 
 
1.4.4.2 Polymorphism 
Morphological markers identified by macromutant alleles are rare in natural populations. 
Without allelic variation there is no segregation and without segregation no linkage can detect 
polymorphisms that are maintained at any given locus in natural populations. These levels of 
polymorphisms are maintained by these factors, population size, mating habit, selection, 
mutation rate and migration. The two factors that where found to cause higher allelic variation 
at molecular marker loci than at morphological marker loci are relaxed selection pressure and 
higher mutation rates. Also the methods employed in the detection of these molecular markers 
are more sensitive than those for morphological markers. Therefore, the proportion of 
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informative molecular markers is higher than morphological ones (Tanksley, 1993). 
 
1.4.4.3 Abundance 
It is theoretically possible to detect all the polygenes that are affecting a certain quantitatively 
inheritable trait, if enough segregating marker genes are found throughout the entire genome. If 
segregating markers are not located on certain chromosomal regions, there is no chance of 
detecting polygenes located in those regions. Morphological markers for quantitative genetics 
were very limited, representing a very small portion of the genome. Isozymes improved the 
situation a bit, the only limitation being that the number of available enzyme activity stains 
limited the number of markers. With the advent of DNA-based markers the problem of limited 
markers was solved. Presently, molecular linkage maps covering the entire genome are 
available for quantitative trait studies in many organisms including humans (Tanksley, 1993). 
 
1.4.4.4 Co-Dominance 
For a locus that has co-dominant alleles there is a one-to-one relationship between genotype and 
phenotype, that is, genotypes can be deduced directly from the phenotype. In loci with 
dominant-recessive alleles, only homozygous recessive genotypes can be deduced without any 
doubts from the phenotype. Alleles of most molecular markers are co-dominant whereas most 
morphological marker loci segregate dominant-recessive alleles. Therefore, the coming of the 
molecular markers has facilitated QTL mapping in virtually any segregating population (Regev, 
2007). 
 
1.4.4.5 Epistasis 
This is an interaction between non-allelic genes, whereby one gene interferes with the 
expression of another gene. Morphological marker loci are associated with strong epistatic 
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interactions among loci limiting the number of segregating markers that can be scored in the 
same generation. Molecular markers do not exhibit or pleiotropic effects meaning that a 
virtually limitless number of segregating markers can be used in a single population for 
mapping purposes throughout an entire genome (Calenge, Drouet, et al., 2005).  
 
1.4.5 QTL Detection Approaches  
1.4.5.1 Controlled Matings 
There are several statistical procedures for determining whether a trait is linked to a marker 
gene. All these procedures share the basic principle, that is to partition the population into 
different genotypic classes based on genotypes at the marker locus and then to use correlative 
statistics to determine whether the individuals of one genotype differ significantly compared 
with individuals of other genotypes with respect to the trait being measured. When the 
phenotypes differ significantly, this is interpreted as a gene(s) affecting the trait is/are linked to 
the marker locus used to subdivide the population. It is usually not normal to determine whether 
the effect detected with a marker locus is due to one or more linked genes affecting the trait 
(Tanksley, 1993). Controlled matings are when the two parents are known and mating is not 
random but is controlled by the end goal of the breeder. When controlled matings are performed 
such as in the case of most apple breeding programs, F1/F2 populations have been most 
commonly used for detecting linkage between molecular markers and genes controlling 
quantitative traits (Paterson et al., 1988).  
 
These controlled matings have the advantage of allowing the investigator to pick individuals 
with particular characteristics that differ significantly from the character of interest. The greater 
the phenotypic differences between any two individuals, the more likely it is to detect 
significant QTL controlling that character in a derived, segregating population. Controlled 
matings also result in maximum linkage disequilibrium for detecting QTL linked to molecular 
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markers (Richards, 1996). From these controlled matings several QTL detection methods have 
been developed in relation to the advancement of marker technologies.  
 
1.4.5.1.1 Single point analysis 
The single point approach is the simplest approach used in detecting QTLs. It involves the 
analysis of data using one marker at a time. This approach does not require a complete 
molecular marker linkage map. For this reason, this approach was used in the first molecular 
marker/quantitative genetic studies. This method has its drawbacks: (a) the further away a QTL 
is from the marker gene, the less likely it is to be detected statistically due to crossover events 
between the marker and QTL that result in misclassification; (b) the magnitude of the effect of 
any detected QTL will normally be underestimated, due also to recombination between the 
marker locus and QTL (Mackay & Powell, 2007). 
 
1.4.5.1.2 Interval analysis 
Some of the major problems associated with the single point analysis have been overcome by 
the availability of molecular linkage maps covering entire genomes. Also the advent of genetic 
linkage maps constructed by co-dominant DNA based markers has advanced the way in which 
the genetic dissection of continuous Mendelian factors such as fruit quality can be carried out 
(Lander, 1989). In order to get the fullest advantage of linkage maps for quantitative studies, 
Lander and Botstein (1989), proposed a method called interval analysis. This method suggests 
that instead of analysing the population one marker at a time, sets of linked markers are 
analysed simultaneously with regard to their effects on quantitative traits (Tanksley, 1993). 
Through the use of linked markers for analysis, it is possible to compensate for recombination 
between the markers and the QTL, increasing the probability of statistically detecting the QTL 
and also providing an unbiased estimate on the character (Nalini, Bhagwat, & Jawali, 2007).  
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1.4.5.1.3 Distribution extremes  
Even taking into account the recent technological advances in the speed and accuracy with 
which molecular markers can be assayed, it is still time consuming and expensive to assay large 
populations. An approach proposed by (Lander, 1989) states that in a large segregating 
population, a quantitative measure of the character of interest is taken on each individual in the 
population and then a marker analysis is performed on the individuals at the extreme tails of the 
distribution. If the allele frequency at any molecular marker locus differs significantly between 
the two extreme subpopulations, it is inferred that a QTL controlling the character of interest is 
located near the marker (Tanksley, 1993). 
 
Distribution extremes as a method has advantages in that it saves time and resources in assaying 
molecular markers. The disadvantages of using this method are that (a) there is a need for a 
very large number of segregating individuals to be analysed for quantitative phenotype to 
collect enough individuals in the distributional extremes, (b) while this method is good at 
detecting linkage between marker loci and QTL, it is less efficient in determining individual 
QTL effects (c) it is often impractical to use distributional extremes to map more than one 
quantitative character, since the individuals with extreme phenotypes for one character are not 
likely to represent the extremes for either characters in question (Lander, 1989). 
 
1.4.6 Mapping monogenic disease resistance 
Breeders and other applied geneticists use the term major gene to describe a gene which is 
inherited in a Mendelian manner and whose allelic forms give quantitatively distinct 
phenotypes (Jones et al., 1997). The mapping of such traits is relatively a straightforward 
exercise. For example, in a mapping population segregating for presence or absence of apple 
scab resistance the researcher may discover that the resistance locus always segregates together 
with a certain marker (Boudichevskaia, 2009). For example, this was shown to be the case with 
an apple scab resistance gene Vr2 which was found to be tightly linked to the SSR CH02c02a 
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(Patocchi, Bigler, Koller, Kellerhals, & Gessler, 2004). In apples approximately 12 major genes 
have been identified for resistance to apple scab (Hemmat, Weeden, Manganaris, & Lawson, 
1994); (Tartarini, 1996); (Benaouf & Parisi, 2000); and (Patocchi et al., 2005). 
 
1.4.7 Disease resistance QTL mapping in plants 
 
Plant disease resistances come in different forms. Some are genetically simple and have been 
analysed extensively by traditional methods of plant pathology, breeding and genetics. Many 
complex resistance traits, which cannot be fitted into simple Mendelian ratios, are controlled by 
multiple loci. These resistance phenotypes tend to be measured quantitatively, so they are 
known as quantitative resistance loci (QRLs). Many QRLs have been identified in apples but 
are not a well understood as the qualitative (monogenic) disease resistances and have not been 
used extensively in breeding programs. Theoretically, QRLs can be race-specific or race non-
specific; this means that because a resistance is polygenic does not indicate whether the 
underlying QRLs are race specific or not (Van der Hoorn & Kamoun, 2008). Quantitative 
resistance, with its continuous distribution, intermediate heritability and environmental 
sensitivity, has frequently been considered a polygenic character. Results of QTL mapping 
indicate that this is not generally the case. While there are some examples of several QRLs 
involved in quantitative resistance, it is more common to find only three to five loci; usually 
one or two predominate. The trend toward relatively few loci with one or two predominating 
resembles the situation with certain agronomic and morphological traits, such as the 
identification a broad-spectrum QTL for apple scab resistance on linkage group 6 
(Gianfranceschi, Soufflet-Freslon, Patocchi, & Durel, 2008). 
 
QTL work on quantitative resistance has also shown that some resistance characters differ in 
phenotype according to plant age, development stage and tissue type. Similarly, different 
methods for assessing resistance, for example, during the latent period, disease leaf area, 
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percent survival and pathogen fecundity are likely to be controlled by overlapping sets of partial 
resistance genes (Ronald, 1997). Such studies allow for the genetic dissection of quantitative 
resistance with the goal of associating specific QRLs with specific components of the resistance 
phenotype. 
 
Disease resistance QTL mapping sheds light on the question of quantitative resistance and its 
link to race-specific, race-nonspecific, and durable resistance in two ways. Firstly, QTL 
mapping helps to determine whether individual QRLs are race-specific or not, and when there is 
an indication of specificity, the degree to which partial resistance differs between races. 
Secondly, QTL mapping enable us to test the hypothesis that QRLs are simply variants of 
qualitative resistance loci that have been (partially) overcome by their respective pathogens. 
These QRLs usually confer a reduction rather than a complete resistance of a disease (St. Clair, 
2010). 
 
1.5 Marker-Assisted breeding in disease resistance breeding programs 
nWith the advent of DNA markers and QTL mapping, complex forms of disease resistance and 
their underlying genes are now more accessible than before (Ellis, Dodds, & Pryor, 2000a). 
This has enable apple breeders to track genes/QTLs for diseases such as apple scab with known 
molecular markers and incorporate them into commercial cultivars such as ‘Prima’, which has 
the Vf gene originally from Malus floribunda 821(Pertot & Gessler, 2012).  
 
One of the earliest concerted efforts to start a disease resistance-breeding programme began in 
the late 1940s with the cooperation of three Agricultural Research Stations in the USA. This 
effort was mainly focused on the incorporation of endogenous R-genes of apple scab to 
commercial varieties using a modified backcross program (Crosby et al., 1990). This effort is 
the one that developed cultivars such as ‘Prima’. The use of backcrosses is now being assisted 
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by marker-assisted selection, with several efforts currently underway. The New Zealand apple 
breeding program at HortResearch has already been able to identify and evaluate the usefulness 
of markers associated with R-genes for several diseases including apple scab and powdery 
mildew (V. Bus et al., 2000). The European initiative HiDRAS (High-quality Disease Resistant 
Apples for a Sustainable Agriculture) was also started to identify molecular markers linked to 
R-genes/QTLs that can be used in MAS. HiDRAS has lead to the one of the biggest apple 
molecular marker data repository and has enabled scientists including the South African 
research group to identify molecular markers that were used for the development of genetic 
maps (Gianfranceschi & Soglio, 2004).    
 
These initiatives have identified markers that make it possible to select individuals or lines with 
cross overs very near a gene of interest, potentially removing ‘linkage drag’ that frequently 
comes from a donor parent.  These markers have also been used to select for individuals with a 
minimum of donor germplasm in regions unlinked to an introgressed segment, since such 
chromosomal segments are often associated with undesirable traits (Flachowsky et al., 2011). 
 
In breeding for disease resistance, marker-assisted breeding (MAB) takes on a special role. 
MAB enables the pyramiding of several major resistance genes into a valuable genetic 
background, which is simplified through the use of markers. Pyramiding is currently one of the 
most promising strategies of developing commercial apple cultivars with durable resistance 
such diseases as apple scab (Patocchi, Frei, Frey, & Kellerhals, 2009). This is very useful when 
screening for one resistance gene, which interferes with the ability to screen for another. 
Similarly, the deployment of a gene can be accelerated through the use of molecular markers. 
This approach of growing cultivars with complementary sets of resistance genes with differing 
race-specificities is aimed at achieving durable disease protection (Young, 1996). Currently, in 
apples most of the resistances introgressed into commercial cultivars are monogenic. Efforts to 
combine these monogenic resistances, for example, the Vf gene with other scab resistance 
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genes are underway (Pertot & Gessler, 2012). 
 
1.6 Major apple diseases 
1.6.1 Apple Scab 
This disease, caused by Venturia inaequalis, is very serious on the susceptible varieties of apple 
and is found in the entire apple growing regions of the world. This is the most important disease 
affecting apple production world over. The disease mainly affects leaves and young shoots but 
can also affect the petioles, pedicels, fruits and twigs (Gladieux et al., 2008). Control of this 
disease is predominantly reliant on orchard management during the winter months and repeated 
fungicide applications during the growing season (MacHardy, Gadoury, & Gessler, 2001). An 
average of 20 sprays per season are required to control this disease. This high chemical input 
has raised concern with consumers about the environmental and food safety issues (G. A. L. 
Broggini et al., 2011). Therefore, natural resistances found within the Malus germplasm are 
regarded as the preferred alternative to chemical control of apple scab. The wild Malus species 
of Eat Asia have been a substantial source for disease resistance genes. The majority of disease 
resistance genes currently being incorporated into apple breeding programs have been sourced 
from these wild Malus species, such as Vfh, which was found in M. floribunda and some which 
were found in natural gene pyramids such as Vh2 and Vh4 coming from ‘Russian Seedling’ a 
M. sierversii (Bowen et al., 2011). 
 
The fungus thrives well in areas with a particularly high spring and summer rainfall, allied with 
cool temperatures (Biggs, 1997).  The disease is severe when rainy, cool weather conditions 
prevail. Once infection sets in on a plant, it becomes unattractive and as a result fruit production 
suffers, leading to reduced revenue for the farmer. 
 
The symptomatic spots are most noticeable on leaves and fruits. Infections first appear as olive-
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green spots with indefinite border. Severe spotting leads to senescence and leaf fall. Spots on 
young fruits result in deformation and cracking and in severe cases, the fruit may drop off 
before ripening. Defoliation usually results in a reduction of flower bud formation so that bloom 
or fruit yield in the next year will be reduced (Hunter, Kirkham, & Hignett, 1968). However, 
sometimes during a severe infection peeling of bark from the twigs occurs and is generally 
referred too as grind or scurf. In order for apple scab to colonize and establish, the pathogen 
needs to adhere, germinate and form infection structures to penetrate the host. For apple scab to 
achieve infection it has to attach to a wet hydrophobic surface of apple and germinate by 
producing germ tubes (Chevalier, Lespinasse, & Renaudin, 1991). 
 
1.6.1.1 Apple scab disease cycle 
The fungal spores are produced in early spring using the apple plant debris as the medium, 
about the time buds begin to develop. Rain and wind are the two methods of dispersal of these 
spores. The spores then land on developing plant tissue initiating infections. The fungus over-
winters in fallen leaves (Iordanescu et al., 2007).  
 
The life cycle of V. inaequalis consists of a sexual and an asexual reproduction phase. Sexual 
reproduction is predominantly carried out during the winter months inside the dead foliage 
between strains of opposite mating types. Meiosis is immediately performed in the zygotes 
leading to the formation of haploid ascospores that are released and will initiate all the spring 
infections as shown in Figure 1.5. These new infection will ultimately be disseminated 
asexually as conidiaspores (Leroy, Lemaire, Dunemann, & Le Cam, 2013). The infection 
pattern of apple scab is unique in that it is mostly restricted to the sub-cuticular space of the 
apple tissue, does not form haustoria during infection. The mechanism of infection does not 
involve any mechanical pressure during the penetration of the host cuticle (Jha, Thakur, & 
Thakur, 2010).   
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Figure 1.5: The life cycle of Venturia inaequalis. (Agrios, Plant Pathology, p. 506. Copyright 
Elsevier 2005.) 
The first visible symptoms of the disease are mainly detected on the underside of emerging leaves. After 
infection has set lesions start to expand and coalesce with other leaf lesions. Leaves with significant levels of 
infection usually curl and eventually shrivel and fall of the plant. 
 
1.6.1.2 Apple scab resistance genes 
Due to the vegetative propagation of most apple cultivars a lot of the current commercial 
cultivars available have a high genetic uniformity (Pertot & Gessler, 2012). This genetic 
uniformity has allowed for the proliferation of apple scab to an extent that it now requires 
intensive chemical control programs with up to 20 sprays per season in northwestern Europe 
(Durel et al., 2003). Because of the significant economic impact of apple scab on apple 
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production, the genes of scab resistance have received an enormous amount of attention. Due to 
the relative reliability of identifying the phenotypes of apple scab response, the resistance genes 
for scab can therefore be relatively easy to identify (Gardiner, et al, 2007).  The fungus fits the 
scheme of gene-for-gene interaction with its host Malus x domestica (Fabien and Bruno, 2003). 
Therefore most of the apple scab R-genes identified and used in breeding programs to date 
show a gene-for-gene relationship with effector genes in apple scab (Kumar, Bink, et al., 2012).  
 
The major scab resistance genes identified thus far have come from small-fruited wild Malus 
species. Most notable R-genes have been identified in M. floribunda 821, ‘Russian apple 
R12740-7A’, ‘Antonovka’, M. baccata jackii and Hansen’s baccata #2 as being the major 
sources of apple scab R-genes in most of the breeding programs currently (Kumar, Bink, et al., 
2012). Knowledge about the relative positions of apple scab resistance genes is necessary for 
preliminary evaluation of the probability of success of their pyramidisation in order to have a 
reliable way to create cultivars with durable apple scab resistance (Van et al., 2013). Table 1.1 
outlines apple scab hosts and R-genes identified at present. 
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Table 1.1: The Nomenclature of the differential host-pathogen interactions of Venturia inaequalis and Malus species 
Malus    Venturia inaequalis   
Host No. Accession Old New New Old Race 
0 ‘Royal Gala’ - - - - 0 
1 ‘Golden Delicious’ Vg Rvi1 AvrRvi1  1 
2 TST34T15 Vh2=Vr-A Rvi2 AvrRvi2 p-9 2 
3 (F1) ‘Geneva’ Vh3 Rvi3 AvrRvi3 p-10 3 
4 TSR33T239 Vh4=Vx=Vr1 Rvi4 AvrRvi4  4 
5 9-AR2T196 Vm Rvi5 AvrRvi5  5 
6 ‘Priscilla’ Vf Rvi6 AvrRvi6  6 
7 (F1) M. Floribunda Vf Rvi7 AvrRvi7  7 
8 GMAL3631-W193B Vh8 Rvi8 AvrRvi8  8 
9 (F1) ‘Dolgo’ Vdolgo Rvi9 AvrRvi9 p-8 9 
10 A723-6 Va Rvi10 AvrRvi10  10 
11 A722-7 Vbj Rvi11 AvrRvi11  11 
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12 Hansen’s baccata #2 Vb Rvi12 AvrRvi12  12 
13 Durello di Forli Vd Rvi13 AvrRvi13  13 
14 (F1) Dulmener Rosen Vdr1 Rvi14 AvrRvi14  14 
15 GMAL2473 Vr2 Rvi15 AvrRvi15  15 
16 MIS op 93.051 G07-098 Vmis Rvi16 AvrRvi16  16 
17 (F1) Antonovka Va1 Rvi17 AvrRvi17  17 
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1.6.1.2.1 Vf  
The scab resistance gene Vf originated from Malus floribunda 821 and is an important gene 
locus for the development of apple scab resistance cultivars (M. X. a. S. S. Korban, 2002). 
Hemmat, et al., (1994) reported the first marker to be linked to this gene, which was the 
isoenzyme Pgm-1. Bulked segregation analysis (BSA) was then used to identify RAPD markers 
linked to this gene by several groups in the same year.  Vf was then mapped to linkage group 1 
of the most resistant cultivar, ‘Prima’ on the reference map of Maliepaard et al 1998.  
 
Bacterial artificial chromosome (BAC) clones within the contig encompassing Vf have been 
successfully employed as a source of multiallelic microsatellite markers (G. Broggini et al., 
2007). The use of these very close markers in combination will enable breeders to predict 
quickly and economically in germplasm collections, which scab resistance plants carry 
resistance other than Vf. Expression of the Vf gene can be influenced by minor or modifying 
genes, thus plants carrying the Vf gene can display a range of phenotypic resistance reactions 
(Gianfranceschi et al., 2008). 
 
Modern genetics has enabled for the tagging and mapping of the Vf gene and a significant 
number of molecular markers have been identified closely linked with the gene. The closest 
markers flanking Vf are SCAR markers (ACS 3, ACS 7 and ACS 9), which are extremely 
reliable for MAS. The first physical map of the Vf region, constructed by (Belfanti et al., 2004), 
located four homologs of the tomato Cf gene family to a 350 kb region around Vf. 
 
1.6.1.2.2 Vm 
A scab resistance derived from the accession Malus x atrosanginea 804 produced a pit-type 
(type1) resistance and was designated as Vm (Dayton & Williams, 1970). An accession Malus 
micromalus 245-38 was also identified to carry the Vm gene with second ‘masked’ gene 
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(Dayton & Williams, 1970). Vm is known to confer resistance from races 1 to 4 of V. inaequalis 
and can be overcome by race 5. Two cultivars carrying Vm have been released, ‘Murray’ and 
‘Rouville’ (Crosby et al., 1990).  
 
By applying the genome scanning approach (GSA), Patocchi et al. (2005) found three related 
microsatellites for the identification of the scab resistance gene Vm, derived from M. 
micromalus and identified the linkage group (LG). One marker, which mapped to LG 17 was 
found to co-segregates with the Vm gene (Patocchi, et al., 2005). The SCAR marker for Vm 
OPB12687, constructed from the RAPD marker OPB12RAPD, was found to be linked at about 
5cM from the resistance gene and this marker also maps on linkage group 17 of apple (Cheng et 
al., 1998). 
 
1.6.1.2.3 Vh2 
Bus et al., (2005) were able to identify apple scab resistances attributed to a naturally 
pyramided R-gene complex involving three major apple scab resistance genes on linkage group 
2, through segregation ratios from progenies derived from ‘Russian apple’ that had been 
crossed with susceptible cultivars. These resistances detected were host specific to races 2 and 4 
as they gave a segregation ratio of 1:1 when challenged with differential hosts 2 and 4. Since 
race 2 isolated from host 2 was able to over come resistance in host 2 the R-gene was called V. 
inaequalis host 2 (Vh2) (V. Bus et al., 2005).  
 
Bulk segregation with RAPDs was used to identify marker OPL19 that mapped close to Vh2 
from a differential host 2 (V. Bus et al., 2005). Resistant segregants, which had this apple 
resistance gene showed stellate necrosis (SN) a distinctive star-shaped reaction which is used to 
distinguish it from other Class 2 resistance reactions in apple scab (Williams & Shay, 1957). 
Bus, et al., (2005) reported the use of OPL19SCAR a derivative of OPL19 as a marker for use 
in MAS.  
 
 
 
 
 Page  
 
46 
 
1.6.1.2.4 Vh4 
Vh4 is derived from Host 4, resistant to race four of V. inaequalis. The Host 4 resistance 
detected was derived from the ‘Russian apple’ conditioning a hypersensitive response to the 
fungus. A RAPD marker from primer S22 was converted to a S22SCAR and mapped in 
R12740-7A within 9cM of Vx (V. Bus et al., 2005). The marker S22SCAR was then mapped at 
a similar distance to Vh4 in Royal Gala x TSR33T239 populations. S22SCAR was then mapped 
at about 4cM away from the Vh4 gene on linkage group 2. The SSR marker CH02c02a assigned 
the gene to the proximal end of LG02 of the apple (V. Bus et al., 2005). The screening of EST 
candidate R genes using RFLP analysis, followed by conversion to SNPs has indicated that 
screening of candidate genes will be a useful route for developing further markers for both Vh2 
and Vh4 (SE Gardiner et al., 2007) and (V. Bus et al., 2005). 
 
1.6.1.2.5 Vr2 
The Vr2 gene is believed to inhibit sporulation in plants which possess it (Patocchi et al., 2004). 
Four RAPDs and AFLP markers were obtained through Bulk Segregation Analysis (BSA) on 
GMAL 2473. Two of these markers segregated with the resistance (EA35MA41 and 
EA37MA39). A fifth marker, a microsatellite that also co-segregate with the resistance, was 
identified by a whole genome scan using selected markers from the map of Liebhard, et al., 
(2002). This microsatellite marker (CH02c02a) enabled the location of Vr2 on LG02 at about 
43cM from Vh2 (Gardiner et al., 2007). In Russian Seedling, CH02b10 and RAPD marker 
OPB18620, were found to be associated with the Vr2 gene (Patocchi et al., 2004). The Vr2 gene 
was cloned and functional characterization performed on three candidate resistance genes (Vr2-
A, Vr2-B and Vr2-C) in the susceptible cultivar ‘Gala’. The third candidate gene Vr2-C elicited 
a hypersensitive response, leading to the conclusion that it was the gene responsible for the Vr2 
resistance (Henk J Schouten et al., 2014). 
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1.6.1.2.6 Vbj 
The Vbj apple scab resistance gene originates from the crab apple, Malus baccata jackii. RAPD 
markers linked to Vbj were firstly identified and then converted to SCAR markers that proved 
to be co-dominant. The SCAR marker T6-SCAR mapped 0.6cM away from the Vbj gene 
(Gygax et al., 2004). Liebhard et al., (2002) mapped three SSR markers (Ch05e03, CH02c06 
and CH03d01) that were eventually determined to be around the Vbj gene. These SSR markers 
were discovered through comparative mapping. This is when molecular markers developed for 
the gene of interest are mapped in other populations allowing the identification of homologous 
linkage groups, then these markers are tested for their linkage to the gene of interest (Gygax et 
al., 2004).  
 
1.6.1.2.7 Va 
The BSA was employed to identify the linkage of P136RAPD to the hypersensitive Va 
resistance from Antonovka P11762623 and then a SCAR marker was developed (Gygax et al., 
2004). From the maps that have been developed, the marker positions indicate that Va may be 
located on LG01, with a recombination frequency of 27% between the Va and Vf loci (Gardiner 
et al., 2007). 
 
 
1.6.1.2.8 Vb 
Vb apple scab resistance gene is derived from the Siberian crab apple ‘Hansen’s baccata 2’ and 
is one of the six “historical” major apple resistance genes (Vf, Va, Vr, Vbj, Vm and Vb) (Erdin et 
al., 2006). Hemmat et al. (2003) reported the linkage of B220RAPD to Vb (chlorotic resistance 
reaction from Hansen’s baccata 2) and several markers for Vf mapped on the opposite side to 
B220SCAR, but in a different order from that found around Vf. Earlier test crosses had 
indicated that Vb and Vf were not allelic and that Vb is a qualitative trait, and further that the 
gene is present in the heterozygous state in ‘Hansen’s baccata 2’ (Williams & Shay, 1957). 
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The genome scanning approach was used to map the Vb locus (Erdin et al., 2006). This 
approach is a fast scanning method that has been used previously for the mapping of scab genes 
Vr2 and Vm. The Vb locus was identified on linkage group 12, between the SSR makers 
Hi02d05 and Hi07f01 (Erdin et al., 2006).  
 
1.6.1.2.9 Vd  
A new method called nucleotide binding site (NBS) profiling to identify and map resistance 
gene analogues in apples was used in order to identify the Vd gene (Calenge, Van der Linden, et 
al., 2005). The resistance of the old Italian apple cultivar Durello di Forli that has been 
described as conferring a high field tolerance to apple scab (3B type reaction) and a stellate 
necrotic reaction in the green-house grown seedlings which has been exposed to the EU-D-42 
race 6 strain of V. inaequalis have been mapped to one end of LG10 using microsatellites 
(Calenge, Van der Linden, et al., 2005).  
 
Four markers identified by NBS profiling mapped to a genome region corresponding to 5cM 
around Vd (Calenge, Van der Linden, et al., 2005). This high level of resistance to race 6 shown 
by Vd means that it can be useful as a reinforcement to the otherwise effective Vf resistance that 
has been broken by race 6 (Benaouf & Parisi, 2000). 
 
1.6.1.2.10 Vg 
Vg is the major gene derived from ‘Golden Delicious’ that confers resistance to apple scab 
incited by race 7 of V. inaequalis, which breaks the Vf resistance from Malus floribunda 
(Benaouf & Parisi, 2000). Benaouf and Parisi, (2000), tested the progeny from ‘Prima’ X 
‘Fiesta’ cross, with a race 7 strain of V. inaequalis, which overcomes the Vf gene. The ratio of 
resistance to susceptibility was 1:1 indicating that this resistance was based on a single gene. 
‘Prima’ derived this resistance from ‘Golden Delicious’ one of its grandparents.  
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The ‘Golden Delicious’ x M. floribunda 821 cross, that was used by Benaouf and Parisi, (2000), 
showed that Vg coded for an apple scab resistance that did not impart hypersensitivity to the 
seedlings, but was expressed in the form of chlorosis and leaf necrosis (Benaouf & Parisi, 
2000). Vg was initially mapped 3cM from a known RFLP on LG12 and later mapped 0,5cM 
from the microsatellite CH01d03 (Calenge, Van der Linden, et al., 2005). 
 
1.6.1.2.11 Vmis 
This scab resistance segregates from an open pollinated seedling (93.051 G01-048) of the 
mildew immune seedling, which is the product of a pollination of a domestic apple with an 
unknown crab apple. RAPD markers flanking the gene were located 15cM around Vmis 
(Gardiner, et al., 2007). 
 
1.6.1.3 Apple Scab Evaluation 
Several procedures have been proposed for the evaluation of the presence of apple scab. Using 
microscopic studies Hough et al. (1953) was the first to define five classes of symptoms that 
would be used as the bases for the classification and scoring of apple scab. Hough et al. (1953) 
defined the following five classes of symptoms as shown in Table 1.3. 
Table 1.2: Hough’s five classes of symptoms  
Class Symptom 
1 Pin-point  
2 Chlorotic lesions without sporulation 
3 Few restricted sporulation lesions 
M Intermediate between classes 2 and 3 
4 Abundant sporulation 
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These microscopic studies by Hough et al (1953) consisted of only surface observations without 
any histological or cytological studies. In glasshouse conditions the identification of resistant 
hybrids is often very difficult when only considering these surface observations. Therefore, 
incorporation of histological studies to these surface observations helped to complete the 
description of the classes of symptoms (Chevalier et al., 1991).  
 
From the use of both surface and histological studies the following observation where noted. 
Firstly, the intensity of host response decreased from class 1 to class 4. The resistance is strong 
in classes 1 and 2, diminished in class 3 and disappears in class 4. Lastly, The response to 
infection is hypersensitive in class 1. In class 2 the response is related to the resistance reaction 
with no sporulation. Class 3 has a diversity of responses and is therefore split into two sub-
classes. Sub-class 3a contains seedlings displaying weak resistance with necrotic areas where 
the epidermis is destroyed Sub-class 3b has sporulation and development of fungus and 
contains seedling that show weak susceptibility. Class 4 has the susceptible seedlings and has 
abundant sporulation (Chevalier et al., 1991).   
 
1.6.2 Powdery mildew 
Powdery mildew is a fungal disease caused by Podosphaera leucotricha. That can reduce the 
productivity of the apple trees. The powdery mildew fungus may kill vegetative shoots and 
flower buds. Powdery mildew usually infects all the young green tissue. Detection of the 
disease presence is usually by the visible presence of the fungus on the shoots and leaves 
(Caffier & Parisi, 2007). Symptoms can vary greatly depending on the location of the infection 
on the plant, season, cultivars and the level of infection. In leaves, the clearest sign of infection 
is the presence of a white and powdery appearance on lesions on the upper-side of the leaves. 
Under conducive conditions, the infection can spread to the entirety of the leaf and progress 
down the petiole onto young, green shoots. Shoot infections are a result of over-wintering 
infections of the fungus in the buds. Infected terminal shoots often appear stunted (Burr, Wong, 
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& Wilcox, 2001). Blossom infections are less common but are very important because infected 
blossoms will either fail to set fruit or will produce small, stunted and/or russeted fruit. 
 
1.6.2.1 Powdery mildew disease cycle 
Powdery mildew over-winters as fungal mycelium in vegetative and fruit buds, which were 
infected the previous season. The powdery mildew also produces masses of black structures, 
called cleistothecia, on infected leaves and terminals in the later summer. Although the 
cleistothecia contain spores, they do not cause infections. 
 
 
Figure 1.6: The life cycle of Apple powdery mildew (Burr et al., 2001). 
The fungus overwinters in terminal buds. As the infected buds open in spring the powdery mildew conidia are 
released and this initiates primary infection on the flower blossoms, young leaves and fruit.  Secondary 
infection is from the conidia produced on infected leaves and fruit. 
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1.6.2.2 Powdery Mildew resistance genes 
The mapping of resistance genes of powdery mildew is made difficult by the need to phenotype 
the seedling population over several years in order to ensure that the adult resistance phenotype 
has been attained and that this phenotype is stable. As selective pressure allows pathogens to 
over-come previously reliable resistances, there is need for the introduction of novel resistance 
genes into new breeding lines (James, Clarke, & Evans, 2004). 
 
1.6.2.2.1 Pl-w 
Isoenzymes were the first markers to be reported that were linked to the major resistance to 
powdery mildew Pl-w. Pl-w gene was derived from the apple crab White Angel (Batlle & 
Alston 1996). Two SCAR markers (EM M01 and EM M02) linked in coupling to the Pl-w 
mildew resistant gene (Evans & James, 2003). Through the use of the whole genome scanning 
approach, two microsatellites CH01e12 and CH05a02y were found to be flanking Pl-w at 
positions 10 and 12cM respectively. Both these microsatellites map on LG8 (Liebhard, 
Kellerhals, et al., 2003). A Resistance Gene Analogue (ARGH12) was also mapped on the LG8 
indicating the presence of a major disease resistance gene (Calenge, Van der Linden, et al., 
2005). 
 
1.6.2.2.2 Pl-d 
This resistance is derived from the open-pollinated crab apple ‘D12’ from the South Tyrol, 
Italy. Bulk segregation analysis by James, et al., (2004), identified three AFLP, one RAPD and 
two SSR markers mapping to Pl-d from the accession ‘D12’. One AFLP was developed into a 
SCAR marker, while microsatellites CH03c02 and CH01g12, were flanking markers, 7 and 
11cM, respectively, from Pl-d. Two more distant SSR markers on LG12, CH01D09 and 
CH01G12, were used to confirm the correct orientation of the markers on the linkage group 
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(James et al., 2004). These two markers located Pl-d on the bottom of LG12, a region where 
other disease resistance genes have been identified (Gardiner et al., 2007). 
 
1.6.2.2.3 Pl-1 
Seven RAPD markers, all representing introgressed DNA sequences from M. robutsa, were 
identified and arranged with the Pl-1 locus in a common linkage group (Markussen, 1995). The 
two most tightly linked RAPD markers, OPAT20450 and OPD21000 were mapped with genetic 
distances of 4.5cM and 5.0cM, respectively from the Pl-1 gene (Markussen, 1995). Two more 
markers have also been identified using BSA with AFLPs. One was converted into a SCAR 
marker (AU-SCAR) that maps 3-4cM from Pl-1, making this marker very reliable. Pl-1 has 
been mapped onto LG12 (Dunemann et al., 2004). 
 
1.6.2.2.4 Pl-n 
The SCAR marker AT20450bp is linked to the resistance of powdery mildew derived from 
Novosibirski Sweet open pollinated (Gardiner, et al., 2007). This was done through the 
screening of a segregating population derived from a cross between a susceptible parent, 
‘X3191’ and mildew resistant ‘Novosibirski Sweet’ o.p (Gardiner, et al., 2007). 
 
1.6.2.2.5 Pl-2 
Pl-2 is a major resistance gene to powdery mildew originating from M. zumi. The earliest 
molecular markers for the Pl-2 resistance from M zumi were RAPDs obtained using a QTL 
mapping approach (Gianfranceschi, Seglias, Kellerhals, & Gessler, 1999). Gardiner, (1999) 
utilized the OPN18 RAPD marker from the initial study to construct DNA bulks on the basis of 
genotype as well as phenotype and identified a second, flanking marker for Pl-2 (OPU02). The 
mapping of a common microsatellite in the A679-2 X Iduna and the Fiesta X Discovery 
population enabled the assignment of Pl-2 to LG 11 (Gardiner, et al. 2007). 
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1.6.2.2.6 Pl-m 
The first marker to be associated with this strong resistance was OPAC20, and was obtained 
using BSA with RAPDs (SE Gardiner et al., 2002). This mildew resistance segregates as a 
major gene from an open pollinated seedling (93.051 G07-062) of the Mildew immune 
seedling, described as being the product of a pollination of a domestic apple with an unknown 
crab apple. 
 
1.6.3 Woolly apple aphid  
The woolly apple aphid, Eriosoma lanigerum is one of the major apple pests, which occurs in 
most apple growing areas of the world including in the apple-growing region of the Western 
Cape Province of South Africa. The aphid is mainly found on the apples but it also attacks 
pears, mountain ash and other economically important fruit trees. It is mainly found in areas 
where its natural parasites have been killed by insecticides (V. Bus, Ranatunga, Alspach, 
Oraguzie, & Whitworth, 2006).  
 
In South Africa, E. lanigerum attacks both the aerial parts and roots of trees (Timm, Pringle, & 
Warnich, 2005). The damages caused by the WAA, include destruction of developing buds in 
leaf axils and formation of galls on roots, resulting in decreased uptake of water and nutrients 
(Timm et al., 2005). Although biological and chemical measures are applied to keep 
infestations on the above ground parts of the tree in check, WAA infestations have increased, as 
more susceptible cultivars, such as, ‘Braeburn’, ‘Fuji’ and ‘Cripps Pink’ have been planted by 
growers in the southern hemisphere. At the same time, the number of effective WAA 
insecticides has decreased due to new legislative requirements (V. Bus et al., 2008).  
 
The aphid reproduces asexually on its hosts, parthenogenetically. Elm trees in the vicinity of 
orchards increase the migration of the aphid to the apple trees. The aphid over-winters in two 
stages, the egg stage and the immature nymphal stage. Nymphs hibernate underground on the 
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roots of the trees. Eggs, which hatch in spring, will develop into wingless, parthenogenetic, 
viviparous stem mothers. These usually feed on elm buds and leaves for two generations, 
causing the elm leaves to curl into a rosette. They then produce a winged third generation that 
migrates to the apple trees. The migrants then feed on wounds on the trunk and branches of the 
tree. In fall the winged aphids then develop into both the aerial and root colonies. They then fly 
back to the elm, where they give birth to males and females. A few days after mating, the 
female lays a single, long, oval, cinnamon-coloured egg. In the absence of elm trees, the woolly 
apple aphid will live primarily on apple trees throughout the year (V. Bus et al., 2006). 
 
1.6.3.1 WAA resistance genes 
Knight, et al., (1962) reviewed research on the resistance to woolly apple aphid and listed a 
number of cultivar which classified is either immune or highly resistant. Er-1 and Er-2 genes 
derived from ‘Norther Spy’ and ‘Robusta 5′, respectively are the two major genes breeders have 
used in order to improve apple rootstokes. Other minor genes have also been detected as well 
(Vincent G. M. Bus et al., 2010). 
 
1.6.3.1.1 Er-1 
Bus, et al., (2008) was able to identify and map Er-1 resistance gene a major WAA resistance 
gene derived from ‘Northern Spy’. Through the use of BSA markers G327 and OPC20RAPD 
were identified in Northern Spy to be flanking Er-1, 12 and 8cM respectively (SE Gardiner et 
al., 2007). Recently two mapped microsatellites (CH01c06 and CH02g09) from Liebhard, et al, 
(2000) made it possible to assign Er-1 to LG8. CH01c06 was located only 2cM from Er-1 
making it suitable for MAS. 
  
1.6.3.1.2 Er-3 
This is a resistance that was identified in the rootstock ‘Aotea 1’ and was studied in a 
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segregating population (‘M9’ x ‘Aotea 1’) (V. G. Bus et al., 2005).  This accession was selected 
as a rootstock for its resistance to root canker (Peniophora sacrata) and WAA from an 
accession of open-pollinated seeds and the accession was later identified as Malus siebodii (V. 
Bus et al., 2008). The close linkage of OP051700bpSCAR (0.8cM) to this resistance gene 
indicates that it will be a very good candidate for MAS.  The screening of two markers in a 
‘Discovery’ X ‘TN10-8’ population enabled the assignment of both Er-1 and Er-3 to LG03 
(Liebhard, Kellerhals, et al., 2003). Gardiner et al, (2007) confirmed this by mapping CH02g09 
12cM from the Er-3 gene. 
 
1.6.3.1.3 Er-m 
The same open-pollinated seedling of Mildew Immune study (93.051 G07-062) that was the 
source of the Pl-m resistance also carries the Er-m resistance to WAA. The only flanking 
markers identified so far are OPA4SCAR and OPZ20RAPD (V. Bus et al., 2008). 
 
1.6.3.1.4 Er-I 
This resistance is derived from an open pollinated seedling of ‘Longfield’ (93.043 G07-062). A 
single RAPD marker was mapped to this resistance (OPA01) (SE Gardiner et al., 2007). 
 
1.6.4 Fire blight 
Fire blight is caused by an enterobacterium Erwina amylovora. This enterobacterium infects 
many members of the Rosaceae family and is a major economic threat to apple production 
worldwide. Fire blight attacks flowers, leaves branches, roots and fruits and in severe cases 
entire trees and orchards can b destroyed in a single season (Khan, Duffy, Gessler, & Patocchi, 
2006).  
 
Pathogen infection occurs primarily through natural openings in the flowers or through wounds 
on aerial vegetative parts. Causing blossom blight, shoot blight and rootstock blight. When 
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established, bacteria multiply and progress into inter-cellular spaces between the parenchyma 
cells. This leads to a rapid necrosis of the infected tissues (Calenge, Drouet, et al., 2005). The 
occurrence and degree of severity of damage caused by the infection is determined by the 
interaction between the pathogen, favourable weather conditions and host plant susceptibility. 
 
Control of the disease is largely limited to exclusion, eradication and antibiotics. Antibiotics 
have been banned in many countries for ecological considerations. Due to the limited number of 
management tools available to control the disease and the diversity of possible tissues that are 
susceptible to infection it becomes very difficult to stop or slow down the progression of the 
disease once it has set in. Erwina amylovora is capable of rapidly migrating inside a host plant 
from the top of the tree to the root system, leaving behind tissues that will rapidly necrose (Peil 
et al., 2007).  Moreover, streptomycin resistant populations of Erwina amylovora have already 
been identified in many orchards. Therefore, the use of genetically resistant cultivars will be a 
valuable alternative to chemicals (Calenge, Drouet, et al., 2005).  
 
Some wild species of Malus have been used as sources for fire blight resistance, although the 
genetics of fire blight resistance are not well known. The only known resistance for fire blight 
has been derived from the wild species Malus x robusta 5, it has displayed durable resistance 
fro 14 years against three of the most aggressive isolates of E. amylovora (Peil et al., 2007). Up 
to date there is no known ‘gene-for-gene’, R-Avr relationship for the interaction of E. 
amylovora and M. x domestica. Such specific interactions between the pathogen genotypes and 
the apple cultivars have rarely been reported, which may be due to the quantitative nature of the 
resistance exhibited by the cultivars (Calenge, Drouet, et al., 2005). 
 
1.6.5 Canker 
This disease is caused by mixture of soil borne basidiomycetes. Various basidiomycetes have 
been linked to several infections and symptoms. Nectria galligenahas been identified as the 
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causative agent for European canker disease and is a common pathogen in the northern 
hemisphere. Whilst Pezicula malicorticis, which is more commonly known as its anamorph 
designation, Gloeosporium perennans, causes apple anthracnose and also causes storage rot. 
 
The pathogen exploits all the tissues outside the xylem and will also penetrate the xylem to an 
appreciable depth, invading the xylem parenchyma, vessels and fibres. The spread of the 
disease in the peripheral tissues is checked to some extent by successive barriers laid down by 
the wound phellogens, but eventually the barriers are overcome by the invading mycelium. The 
difficulty of obtaining affective chemicals for the control of these basidiomycetes has 
stimulated interest in host resistance to these pathogens. The best method of controlling such a 
soil-borne disease such as root canker is to grow the tree on a resistant rootstock. High levels of 
resistance have been identified in some seedlings of M. prunifolia. This is a good indicator that 
useful levels of resistance might be found in the Malus genus (Crowdy, 1952).  
 
Due to the devastating effects of canker in eastern Asia, 53 accessions of diverse Malus species 
and their interspecific hybrids was tested for resistance to canker, using excised shoots. M. 
sieboldii related hybrids possed a high level of resistance to canker among the appl rootstock 
and germplasm that was evaluated (Abe, Kotoda, Kato, & Soejima, 2007) 
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Table 1.3: Disease resistance traits and loci known in Malus x domestica 
 
Resistance trait Gene/QTL Trait locus Source Linked Markers References 
Apple Scab Major locus: Va LG01 Antonovka P1172623, 
Fortune x PRI 1841-11 
RAPD, SCAR (Hemmat, Brown, 
Aldwinckle, 
Weeden, & 
Mehlenbacher, 
2003) 
Apple Scab Major locus: Vb  LG01 Hansen’s Baccata #2; 
Empiere x Hansen’s Baccata 
#2 
RAPD, SCAR (Hemmat et al., 
2003) 
Apple Scab Major locus: Vbj LG02 Malus baccata jackii; A722-
7 x Golden Delicious 
SCAR 
 
(Gygax et al., 2004) 
Apple Scab Gene: Vf LG01  ‘Florina’ x ‘Nova Easygro’  SSR (Vinatzer et al., 
2001) 
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Apple Scab Major locus: Vfh  M. floribunda 821 - (Benaouf & Parisi, 
2000) 
Apple Scab Major locus: Vg LG12 Golden Delicious; Prima X 
Fiesta 
RFLP (Durel, Van De 
Weg, Venisse, & 
Parisi, 2000) 
Apple Scab Major locus: Vh8 LG02 M. sieversii W193B; Royal 
Gala x M. SieversiiW193B 
SSR, SCAR (V. G. Bus et al., 
2005) 
Apple Scab Major locus: Vj  Jonsib - 
 
(S. Korban & Chen, 
1992) 
Apple Scab Major locus: Vm LG17 M. micromalus; Golden 
Delicious x Murray 
SSR (Patocchi et al., 
2005) 
Apple Scab Major locus: Vh2 LG02 Royal Gala x TSR34T15 SSR (V. Bus et al., 
2005) 
Apple Scab Major locus: Vr2 LG02 Russian apple R12740-7A; 
GMAL 2473 x Idared 
AFLP (Patocchi et al., 
2004) 
Apple Scab Major locus: Vh4 LG02 Russian apple R12740-7A; SCAR (V. Bus et al., 
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Royal Gala x TSR33T239 2005) 
Apple Scab Major locus: Vd; 
LG10 
LG10 Durello di Forli x Fiesta SSR  
Apple Scab QTLs LG 11  Prima x Fiesta RAPD, SSR, 
RFLP 
(Durel et al., 2003) 
  LG 11 Prima x Fiesta RFLP, SSR  
  LG 15 Prima x Fiesta RFLP, SSR  
  LG 17 Prima x Fiesta RFLP, SSR  
Powdery Mildew Major locus: Pl-1 LG12 Idared x 78/18-4 CAPS (Dunemann, Peil, 
Urbanietz, & 
GarciaLibreros, 
2007) 
Powdery Mildew Major locus: Pl-2 LG11 Royal Gala X A689- 24 RAPD-SCAR (S Gardiner et al., 
2003) 
Powdery Mildew Major locus: Pl-d LG12 Fiesta x A871-14 SSR (James et al., 2004) 
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Powdery Mildew Major locus: Pl-m  Fuji X MISop 93.051 G02-
054 
SCAR (S Gardiner et al., 
2003) 
Powdery Mildew Major locus: Pl-w LG8 White Angel; Prima X 
Fiesta 
Isozyme (Evans & James, 
2003) 
Powdery Mildew QTLs QTL; A679-2 
map; LG 3, 5 & 
16 
Iduna X A679-2 SSRs (M Kellerhals et al., 
2000) 
Powdery Mildew QTLs LG02, LG03 
LG04 and 
LG15. 
Idared x U211 AFLPs, SSR (Stankiewicz-
Kosyl, Pitera, & 
Gawronski, 2005) 
Powdery Mildew QTLs LG 2, LG 13, 
LG 1, LG 8, LG 
10, LG 14, LG 
17 
Discovery x TN10-8 SSRs, AFPLs (Calenge & Durel, 
2006) 
Wooly Apple 
Aphid 
Major locus -Er-1 LG08 Sciglo x Northern Spy  SSR (V. Bus et al., 
2008) 
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Wooly Apple 
Aphid 
Major locus: Er-2 LG17 X3189 × M. × robusta 5 SSR (V. Bus et al., 
2008) 
Wooly Apple 
Aphid 
Major locus: Er-3 LG08 Royal Gala × Aotea SNP (V. Bus et al., 
2008) 
 
 
 
 
 
 Page  
 
64 
1.7 Biological Statistics 
This is a vital area for biological researchers, as it adds in the analysis and discovery of 
scientific information contained in raw data obtained form a planned experiment. The area of 
biological statistics is concerned with a wide range of experimental aspects, which include 
experimental design, sampling methods, data analysis, interpretation and the eventual 
discussion of the information (Kroschwitz, 2000). The experimental design phase of any 
experiment is the most critical stage, as any experiment should be designed in such a way that 
the questions posed have a good chance of being answered. This means that the methods of 
analysis and the relevant statistical test are pre-determined prior to carrying out the proposed 
experiment (Clewer, 2013). 
 
Measurements are normally made on a range of variables. These variables can be either discrete 
variables that can only take distinct values or they can be continuous variables that a value in a 
certain range, for example, plant height. Lastly variables can be categorical variables, which are 
formed when data are classified into categories, for example, when scoring for apple scab 
resistance data is classified into five distinct classes (Clewer, 2013). 
 
Population size a very important component of any experiment and is usually referred to as N 
the total number of individuals in an experiment. The population size is essential for the 
calculation of important parameters such as the median, population variance, sample variance 
and the degrees of freedom (Raudys & Jain, 1991). The golden rule is that when designing an 
experiment a large population size is preferred as it accurately evaluate the classifiers with a 
low error rate. 
 
In an experiment where a lot of values are repeated, frequency distribution curves are required. 
The data obtained from the experiment can be summarized into frequency tables and then 
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plotted as a line diagram or bar chart. Usually when measuring continuous data the calculation 
of mean is made easy by plotting a frequency distribution curve. When using large population 
size one would expect to have a normal distribution curve or the Gaussian curve. The normal 
distribution curve leads to statistical analysis that require minimal statistical computation, 
therefore, this distribution is vital to in statistical work (Statistical Methods in Biology, 1995). 
 
1.8 Sequencing and Putative gene identification 
Genomic approaches are beginning to change the understanding of plant disease resistance. The 
advent of a new and more powerful generation of sequencing technologies from Illumina 
(HiSeq), ABI (SOLiD) and Roche (454) has provided unprecedented opportunities for high-
throughput functional genomics. Large-scale sequencing and targeted re-sequencing is now 
being used to try and reveal the detailed organization of resistance gene clusters and the genetic 
mechanisms involved in generating new resistance specificities (Morozova & Marra, 2008). 
The advances that have come up in sequencing chemistries and automation as well as in 
computational power have revolutionised the ability to generate and analyse immense amounts 
of DNA sequence data. Sequence comparisons and functional analysis will allow dissection of 
the molecular basis of specificity and this in turn will lead to the generation of new resistance 
gene specificities (Kotewicz, Mammel, LeClerc, & Cebula, 2008).  
 
1.8.1 Apple Genome 
Velasco, et al., (2010) released a high quality draft genome sequence of the diploid apple 
cultivar ‘Golden Delicious’. Sequencing and assembly of the genome followed the shotgun 
approach. 19,6-fold of the genome coverage, 26% was provided by Sanger sequencing of paired 
end reads and the remaining 74% was from 454 sequencing by both paired and unpaired end 
reads.  
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An iterative assembly approach was employed which produced 122 146 contigs, 103 076 of 
which were assembled into 1629 metacontigs. 81,3% of the apple genome was covered with a 
total contig length of 603,9Mb. The metacontigs were anchored to 71,2% (598,3Mb) of the 
genome using a high quality genetic map of 1643 markers. All 17 linkage groups, or 
chromosomes where constructed.  
 
By carrying out a pairwise comparison of the 17 apple chromosomes Genome-wide 
duplications (GWD) were also identified. This comparison highlighted strong collinearity 
between large segments of chromosomes 3 and 11, 5 and 10, 9 and 17, and 13 and 16. 
Collinearity of shorter segments was also observed between chromosomes 1 and 7, 2 and 7, 2 
and 15, 4 and 12, 12 and 14, 6 and 14, and 8 and 15.  The genome sequence revealed that the 
number of putative genes and transposable element-related ORF (57,386 genes plus 31,678 
transposable element-related ORF). This is very high as compared to other related species such 
as grape (33,514). However, the gene density was within the range of poplar and grape. A high 
number of repeated sequences within the apple genome present a challenge when assembling or 
anchoring contigs. The gene also posses a high fraction of nucleotide-binding site-leucine-rich 
repeat (NBS-LRR) resistance genes as compared to Arabidopsis, the genome also contains 575 
LRR-Kinase genes (Riccardo Velasco et al., 2010). 
 
A public initiative is now underway to sequence the double haploid (DH) selection derived 
from a ‘Golden Delicious’ variety provided by INRA Angers. This is expected to simplify 
genome assembly, due to its relatively simply genetic organisation. Another public initiative to 
re-sequence 10 genomes for SNP detection has been carried out and has resulted in the 
development of a apple SNP chip from Illumina (Illumina, San Diego, USA). Both these 
initiatives have joined into an international Program for Apple Sequencing that also includes the 
INRA research institute in France as well as the Agricultural Research Council of South Africa 
(ARC-SA), who are currently generating sequence data from the DH material, using Illumina 
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sequencing technology. 
  
Illumina sequencing technologies will be used in the sequencing part of the project. The 
approach achieves cloning-free DNA amplification by attaching single stranded DNA 
fragments to a solid surface known as a single molecule array or flow cell and conducting solid 
phase bridge amplification of single molecule DNA templates (Illumina, Inc.). This process 
essentially involves the attachment of a single DNA molecule to a solid surface using an 
adapter; this molecule subsequently bends over and hybridizes to a complementary adapter, 
thereby creating the bridge. This will lead to the formation of the template for the synthesis of 
the complementary strand. The templates are then sequenced in a massively parallel fashion 
using a DNA sequencing-by-synthesis approach that employs reversible terminators with 
removable fluorescent moieties and special DNA polymerases that can incorporate these 
terminators into growing oligonucleotide chains (Morozova & Marra, 2008). The assembly of 
the gathered data is usually a two-step process, which utilises the de novo way of assembling 
DNA. Firstly, de novo assembles are attempted, secondly, the contigs that arise from the de 
novo process are aligned to previously sequenced data of disease resistance genes from other 
plants (Cronn et al., 2008). 
 
1.8.2 Sequence Assembling  
An assembly is a hierarchical data structure that maps the sequence data to a putative 
reconstruction of the target (Miller, Koren, & Sutton, 2010). Most assemblers group reads into 
contigs and contigs into scaffolds, scaffolds are sometimes referred to as supergontigs or 
metagontigs. Assemblies are measured by the size and accuracy of their contigs and scaffolds 
(Miller et al., 2010). With the advent of next generation sequencing (or deep sequencing) 
technologies, the potential to accelerate biological research has increased drastically. The 
development of such technologies has allowed the generation of numerous complete genomes 
at a fraction than they would cost with Sanger sequencing alone. This has allowed the presence 
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of reference genomes in the public domain. Therefore, with the existence of reference 
information, the assembly procedure can be classified as either reference guided genome 
assembly (sequence alignment/mapping) and de novo genome assembly (W. Zhang et al., 
2011). 
 
1.8.2.1 Sequence Alignment 
Alignment algorithms can be viewed as a system for identifying the relationship between two 
sequences, which have diverged due to random mutations, such as substitutions and indels 
(Holmes & Durbin, 1998). The comparison of biological sequences is one of the oldest 
problems in computational biology. Several DNA alignment protocols are available and all 
have advantages and disadvantages depending with the needs of the researcher. Genome 
sequence alignments have become a priceless resource for finding functional elements and 
deducing the evolutionary history of any organism (Frith, Hamada, & Horton, 2010). 
Alignment is a process of determining the most likely source from a reference genome the 
observed DNA sequence reads (Flicek, 2009).  The alignment of biological sequences 
generated by complex and powerful algorithms is now routinely being used as a strong basis for 
inference about sequences whose structure or function is generally unknown. The standard 
approach involves finding the best scoring alignment between the unknown sequence and the 
reference sequence, where the score rewards aligning similar residues and penalizes 
substitutions and gaps  
 
Genome sequence alignment research has developed highly efficient algorithms for alignment 
of sequences, which have been implemented in very widely used BLAST and FASTA systems 
(Delcher, Phillippy, Carlton, & Salzberg, 2002). Genome alignment depends on various small 
but critical choices. These choices range from how to mask repeats and which score parameters 
to use. Currently the biggest disadvantage of the software that’s currently available is the huge 
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computational costs of aligning many short reads. The algorithms fro generating these 
alignments also have inherent statistical limitations when it comes to the accuracy of the 
alignments the produce. These alignment tools can be divided into two categories, that is, local 
alignment methods such as BLATZ (Schwartz et al., 2003). These are designed to search highly 
similar regions between two sequences; the two regions do not have to be necessarily conserved 
in order and orientation. BLAST-like methods work by initially locating the very short common 
segments between the two sequences. This common region is used as an anchor for the program 
to then expand out the matching regions as far as possible. These local alignment tools are very 
useful in finding similarity between regions that may be related but are inverted or rearranged 
with respect to each other. The one big disadvantage of these algorithms is that, due to their 
weak assumptions, they have less power to find weakly conserved regions (S. Altschul et al., 
1997).  
 
The second category is Global alignment algorithms (Needleman & Wunsch, 1970). These 
algorithms are suitable when the experimental data is suitable for an extra assumption, which is 
that the highly similar regions in the sequences appear in the same order and orientation. These 
algorithms/methods attempt to find the ‘global map’ between sequences. These methods will 
reject alignments that overlap or cross over (Bray, Dubchak, & Pachter, 2003). Global 
alignment algorithms are very useful in many situations, due to the fact that these algorithms 
allow biological sequences from related organisms to satisfy the order assumption provided that 
the regions under examination are sufficiently small. For example, the human genome appears 
to have order and orientation preserved for regions up to 8Mb length (Bray et al., 2003). 
However, due to the very complex nature of the scoring functions and global alignment 
algorithms the programs require very high computational power and very memory intensive. 
However, most of the fast alignment algorithms construct auxiliary data structures, called 
indices, for the read sequences or the reference sequence even sometimes from both (Li & 
Homer, 2010).  
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1.9 Aims of the Study 
The mapping of disease resistance related QTLs and genes in apples has progressed very 
quickly in recent times due to the availability of advanced genetic tools such as high density 
genetic maps and the apple genome. This study aims to identify candidate QTLs/genes 
responsible for resistance to three apple diseases namely: apple scab, powdery mildew and 
woolly apple aphid, so that apple fruit production is enhanced through the development of 
commercial apple cultivars with endogenous R-genes. The presence of commercial apple 
cultivars with endogenous R-genes translates into a cost effective means of disease control for 
apple producers by lowering the amount of resources used for disease control. In order to 
identify these endogenous R-genes/QTLs so that they could be introgressed into commercial 
cultivars, genetic linkage maps will be constructed for three Malus populations. The use of 
three marker systems SSRs, SNPs and DArTs at a very high density in this work is expected to 
help position the disease QTLs/genes so that they can be identified for introgression into 
commercial apple cultivars using techniques such as cisgenics. 
 
The main objectives of the study were to: 
i. Construct high density integrated SSR, DArT and Infinium SNP based genetic linkage 
maps for the three Malus mapping populations ‘Mildew Resistant’ x ‘Golden 
Delicious’, ‘Russian Seedling’ x ‘Golden Delicious’ and Malus platycarpa x ‘Mildew 
Resistant’. 
ii. To use the genetic maps constructed using the three marker systems to identify regions 
on the genome that contain putative disease resistance QTLs for the three diseases: 
apple scab, powdery mildew and woolly apple aphid on all three mapping populations. 
iii. To identify candidate R-gene using the apple genome sequence for application in apple 
cisgenics 
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iv. To perform a phylogenetic analysis of the four genotypes used in the mapping analysis in 
order to infer their genetic relatedness 
. 
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Chapter 2: Materials and Methods 
2.1 General Chemicals and Enzymes 
Agarose D1 LE                  Promega  
APS (Ammonium persulphate)             Merck  
Boric acid                    Merck  
Bromophenol blue                 Sigma  
CTAB (N-cetyl-NNN-trimethyl ammonium bromide)     Saarchem  
Chloroform                    BDH - Merck 
dNTPs (Deoxyribonucleotide triphosphate)         ABgene  
DTT (1,4 – Dithiothreitol)                Roche  
Ethanol                    Merck  
EDTA (Ethylene diamine tetra-acetic acid)         Merck  
Ethidium bromide                  Sigma  
Formamide                    Merck  
Gelatin                     Merck  
GeneScan® 500 LIZ™ standard            Applied Biosystems  
Hydrochloric acid                  BDH - Merck 
Isoamyl alcohol                          Merck 
Iso-propyl alcohol                 BDH - Merck 
Magnesium chloride                         Riedel-de Haën 
Megaplex Kit                    Qiagen 
Oligonucleotides                 Applied Biosystems  
Polyvinyl-pyrolidone (PVP-40)            Sigma  
POP 7                      Applied Biosystems  
Potassium chloride                  Saarchem  
Proteinase K                    Applied Biosystems  
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RNase A                    Roche   
Sodium acetate                  Riedel-de Haën  
Sodium borohydride                 Saarchem  
Sodium chloride                  Merck  
Sodium hydroxide                 BDH - Merck 
Tris (hydroxymethyl) aminomethane           Merck   
Urea                      Merck  
Xylene cyanol                   BDH – Merck 
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2.2 General Stock Solutions and Buffers 
Agarose loading 
buffer  
0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cyanol in 30% (v/v) 
glycerol in deionised water. 
CIA 
(Chloroform-
isoamyl  alcohol)     
24:1 (v/v) chloroform and isoamyl alcohol. 
10X PCR buffer  
 
.100 mM Tris-HCl, 500 mM KCl, 15 mM MgCl2, 0.01% gelatin, pH 8.3, in 
deionised water. 
MgCl2 50 mM in deionised water 
dNTPs 5 mM in deionised water 
RNase A buffer  0.1 M sodium acetate, 0.3 mM EDTA, pH 4.8.  
RNase A (DNase 
free) 
20 mg/ml RNase in RNase A buffer (see above).  
Sodium Acetate 3 M NaOAc with 1 mM EDTA, pH 5.2. 
2X CTAB  2% (w/v) CTAB, 1% (w/v) PVP-40, 1.4 NaCl, 100 mM Tris-HCl, 20 mM 
EDTA, 1 mM DTT, pH 8.0  
10X TBE 0.9 M Tris, 0.89 M boric acid, 0.032 M EDTA.   
10X TE 100 mM Tris-HCl, 10 mM EDTA, pH 7.5. 
1% agarose 1% (w/v) agarose in 1X TBE. 
2% agarose 2% (w/v) agarose in 1X TBE 
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2.3 Phenotypic Data 
2.3.1 Mapping Populations 
Three mapping populations ‘Mildew Resistant’ x ‘Golden Delicious’ (MR x GD), ‘Russian 
Seedling’ x ‘Golden Delicious’ (RS x GD) and Malus platycarpa x ‘Mildew Resistant’ (MP x 
MR) were germinated and grown at the ARC Bien Donne experimental farm (Stellenbosch). 
‘Russian Seedling’ was also screened with 14 SSRs primer sets and these were found to be 
identical to those amplified in ‘Russian apple’ (personal communication, Pattochi, A.). 
 
Six replicates of each the progeny (Table 2.1) were produced and whip-grafted onto disease free 
M793 rootstocks. The scion consisted of a twig with more than one bud and the clonal trees 
were then grown in plastic bags with a potting mix. The phenotypic data collection was 
performed over two consecutive seasons for Apple Scab and Powdery Mildew, whilst 
measurements were taken for only one season with regards to Woolly Apple Aphid. 
Table 2.1: Number of seedlings from each apple mapping population used in this study for construction 
of genetic linkage maps. 
 
Mapping Population No. of seedlings Replicates 
‘Mildew Resistant’ x ‘Golden Delicious’ 89 6 
‘Russian Seedling’ x ‘Golden Delicious’ 85 6 
Malus platycarpa x ‘Mildew Resistant’ 88 6 
 
2.3.2 Phenotypic Evaluations 
2.3.2.1 Apple Scab Inoculation  
The inoculum was collected by washing conidia from infected leaves in the orchards at Bien 
Donne experimental farm. The infected leaves were soaked for one hour in water and the 
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inoculum concentration was optimised to 5x104 conidia/ml in water. The seedlings were then 
inoculated using a low-pressure spray gun in an infection chamber at 99% RH at a temperature 
of 16°C. The seedlings were kept wet for 48 hours by applying a fine water spray for 20 
seconds every 30 minutes. This was done to provide a wet hydrophobic surface as described in 
section 1.6.1 Apple Scab. The seedlings were then transferred to a glasshouse with a 
temperature range of between 20 and 25°C, and kept there until the disease symptoms 
developed.  
 
2.3.2.2 Apple Scab Evaluation 
Apple scab resistance scoring was classified into five classes of resistance/susceptibility, with 
class 3 being split into classes 3a and 3b (Table 2.2). This classification is based on the 
(Chevalier et al., 1991) scab scoring system as discussed in detail in section 1.6.1.3 and the 
scheme is shown in Table 2.2. 
Table .2.2: Scab infection classification classes 
 
Class Symptom 
1 Hypersensitive reaction 
2  Resistant  
3 (a) Weak resistance 
(b) Weak susceptibility 
4 Susceptible 
 
2.3.2.2 Powdery Mildew Inoculation and Disease resistance Evaluation 
Powdery mildew infections were assessed in summer for two consecutive seasons. Inoculations 
were performed by randomly implanting apple cuttings heavily infested with powdery mildew 
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into each of the replicated seedling crosses. The cuttings were sourced from the orchards at the 
Bien Donne experimental farm. The three crosses under evaluation were kept in a temperature-
controlled glasshouse with the temperature ranging between 20 – and - 25°C. First evaluations 
were performed after 30 days of inoculation. The disease was then scored using a five point 
scoring system as shown in Table 2.3. 
 
Table 2.3: Powdery Mildew Scoring system. 
 
Level of infestation Percentage of infested shoots Score 
No infestation No infection 0 
Slightly Small lesions 1 
Moderate <50% 2 
High 50 to 80% 3 
Severe >80% 4 
 
2.3.2.3 WAA Inoculation and Disease resistance Evaluation  
Inoculation was performed by randomly implanting heavily pre-infested apple cuttings, from 
other breeding crosses, into each of the replicate seedling population. This allowed the WAA to 
migrate from the infested seedlings to the seedling clones. The three populations were then kept 
in a temperature-controlled environment with temperature ranging between 20 – and - 25°C. 
The seedlings were then left in the greenhouse for 90 days, before the first evaluation was 
carried out. The infestation was left for four months before the final data collection was carried 
out. 
 
The response to infestation on seedling shoots was recorded according to a quantitative scoring 
method developed and used at the Agricultural Research Council (Bien Donné) plant-breeding 
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farm by Dr Iwan Labuschagné (personal communication).   
 
Table 2.4 WAA Scoring and infection evaluation system 
 
Score Level of Infestation 
0 Free from any infestation by E. lanigerum 
1 Visible E. lanigerum but no colonization 
2 Visible E. lanigerum and colonization with minimal spread on the seedling clones 
3 Seedlings heavily infested 
4 Seedlings dead 
 
 2.3.3 Statistical Analysis of Phenotypic Data 
2.3.3.1 Pearson Correlation Analysis  
A Pearson correlation analysis, which measures the statistical linear interdependence between 
two variable sets of data, was carried out on all the phenotypic data to assess the correlation of 
the data between the two seasons. This correlation was performed on data that had been 
collected for two years for both apple scab and powdery mildew data. A confidence level of 
99.9% (p-value of P < 0.001 or α = 0.1%) was used for the correlation analysis, which was 
performed using the Pearson’s Linear Correlation function in StatPlus:mac LE Mac OS, 
Version 2009.  The Pearson coefficient (r) was interpreted empirically. The correlation between 
two seasons was considered to be ‘weak’ if ‘r’ = 0 – 0.3, ‘moderate’ if ‘r’ = 0.31 -0.7 and ‘high’ 
if ‘r’ = 0.71 -1.0. 
 
The Pearson correlation formula is shown below: 
r = correlation coefficient 
n = sample size 
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x and y = independent data sets 
 
! = ! ! Σ!" − (Σ!)(Σ!)!Σ!! − (Σ!)! ! !Σ!! − !(Σ!)!  
 
Simple bar graphs where also plotted in order to show data distribution patterns. 
 
2.3.3.2 Chi-square test (χ2) 
Chi-square or Goodness of Fit test (χ2) was calculated in relation to the Mendelian ratios of 
segregation in order to test for goodness of fit. This statistical tool was used in order to decide if 
observed genetic data was in line with the Mendelian ratios. The χ2 tested the null hypothesis, 
which stated that there was no significant difference between the expected and observed results. 
The χ2 value obtained was in turn used to determine if the trait in question was being controlled 
by a single major gene (χ2 = 1:1) or by several minor/major QTLs/genes (χ2 = 3:1). 
 
The p-value was calculated using the χ2 distribution tables. The p-value is the (probability) 
value associated with the calculated χ2 and degrees of freedom that any deviation from the 
expected results is due to chance only at a given percentage. In this research a p > 0.05 was 
employed allowing for a maximum deviation of 5% due to chance. Degrees of freedom were 
determined to be the same for the whole project, since only two categories were being observed 
namely resistance and susceptible. Degrees of freedom are calculated as the number of 
observed categories minus 1 (one). Therefore, one degree of freedom was used to calculate the 
p-value at 95% confidence interval. 
 
x! = !Σ (!"#$%&$'!!"#$% − !"#$%&$'!!"#$%)!(!"#$%&$'!!"#$%)  
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2.4 Genotypic Data 
2.4.1 Genomic DNA (gDNA) Extraction 
The total genomic DNA of the three populations, ‘Mildew Resistant’ x ‘Golden Delicious’, 
‘Russian Seedling’ x ‘Golden Delicious’ and Malus platycarpa x ‘Mildew Resistant’ was 
extracted from the collected leaves of these three populations using a high salt 2X Cetyl 
trimethylammonium bromide (CTAB) DNA extraction protocol (Doyle, 1987).  
 
Leaf material of approximately 0.1 g was ground in liquid nitrogen using a mortar and pestle. 
The ground material was transferred to a 2 ml tube and equilibrated to room temperature. A 1 
ml volume of 62°C pre-warmed 2X CTAB containing 0.2% β-mercaptoethanol, was added to 
the ground-up leaf sample and vortexed for 30 seconds in order to produce a consistent slurry. 
The samples were then incubated at 62°C for 30 minutes. Proteinase K was added at a 
concentration of 10 mg/ml and incubated for a further 30 minutes at 37°C. 
 
An equal volume of chloroform-isoamyl alcohol (CIA) was added followed by mixing through 
inverting the tubes several times. The samples were then spun in the centrifuge at 16 000 x g for 
10 minutes and the supernatant was collected into sterile 2 ml tubes. A total of 2.5 volumes 
(v/v) of ice cold absolute ethanol and 1/10 volume (v/v) of 3 M ammonium acetate were added 
to the supernatant and mixed by inverting the tubes several times. The reaction was incubated at 
-20°C for 25 minutes. The reactions were then pelleted by centrifugation at 16 000 x g for 10 
minutes after which the supernatant was discarded. The pellet was washed twice with 500 µl of 
70% ethanol and after every wash the sample was centrifuged at 16 200 x g for 2 minutes.  
 
The pellet was air dried for 30 minutes at room temperature and then re-suspended in 150 µl TE 
buffer pH 7.5 containing RNase A. The reaction was incubated at 37°C in a waterbath for 30 
minutes. The DNA was re-precipitated by adding 2.5 volumes (v/v) of ice-cold absolute ethanol 
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and 1/10 volumes (v/v) of 3M-ammonium acetate followed by incubation at -20°C for 30 
minutes. The DNA was then pelleted by centrifugation at 16 200 x g for 10 minutes followed 
by washing twice in 150 µl of ice-cold 70% ethanol and for each wash the supernatant was 
discarded after centrifuging at 16 200 x g for 2 minutes. The pellet was air dried for 2 hours 
after which the pellet was re-suspended in 50 µl of 1x TE buffer pH 7.5. The quality and 
quantity of DNA extracted was estimated by gel electrophoresis. 
 
2.4.2 Agarose gel Preparation and Electrophoresis 
One gram of agarose was weighed and added to 100 ml of 1X TBE and melted in a microwave 
by heating at medium power for between 2 to 5 minutes, with intermittent swirling.  The molten 
agarose was cooled to 56ºC before adding ethidium bromide (EtBr) at a concentration of 10 
mg/µl was added. The molten agarose was poured into a gel-caster and allowed to solidify. 
Prior to loading, 1 µl of 6X loading dye was added to 5 µl of each DNA sample. The pTZ 
molecular weight marker was used as a means to estimate the size and concentration of the 
gDNA. The gel was then electrophoresed at 10 V/cm in 1X TBE buffer. The DNA 
electrophoresed gel was then viewed under UV using the BIO-RAD® Transilluminator 
(BIORAD, South Africa). 
 
2.4.3 Microsatellite Primer Design 
Publicly available Malus ESTs were searched for simple sequence repeats using Tandem 
Repeats Finder (TRDB) (Benson, 1999). SSRs were selected based upon pattern size, 
percentage match, copy number and the position of the first base of the repeat (first index). The 
pattern size, that is, di- tri or tetra-nucleotide, was set at more than two and the number of 
copies of the repeat was set at larger than 10 (> 10). The percentage matches were set at greater 
than or equal to 90% (≥ 90%). This percentage was used in order to eliminate sequences 
showing insertions, deletions and substitutions within the repetitive regions. The first index of 
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greater then or equal to 20 (≥ 20) allowed for a forward primer to be designed before the first 
base of the repeat sequence. A score of greater than 40 (> 40) was used as the cut-off with 
sequences having lower scores showing percentage of mismatches within the repetitive regions. 
 
All the primers were designed from the flanking sequence such that one of the primers, either 
the forward or reverse primer is situated closer to the repeat. This primer, which is closest to the 
repeat, was then synthesized with a fluorescent label with one of four colors 6-corboxy 
fluorescein (6-FAM), VIC, NED and PET attached to the 5& end.  
 
2.4.4 DNA Amplification using Polymerase Chain Reaction PCR 
Simplex PCR was carried out using the following conditions in a final volume of 20 µl per 
reaction: 1 unit Excel Taq polymerase 10X PCR buffer, 50 µM each dNTPs, 0.016 µM each 
primer and template DNA of final a concentration of 10 ng/µl.  
 
Annealing temperature optimization for every primer pair was performed using tough down 
PCR with gradient, on the Eppendorf Mastercycler® gradient PCR machine (Eppendorf-
Netheler-Hinz GmbH, Hamburg, Germany). Thermal cycling conditions were: 1. Pre-cycle 
denaturation: 96°C for 5 min, 2. Secondary cycle denaturation: 10 cycles of initial touchdown 
PCR set with an initial 94 °C for 40 sec, annealing temperature with 1ºC decrements per cycle 
from 65°C (55°C) to 60°C (45°C) for 40 sec and extension at 72°C for 2 min. The final PCR 
amplification step was performed for 30 cycles of 95°C (40 sec), annealing at 55°C – 45°C (40 
sec) and the extension at 72°C (2 min). The final extension step was set at 72°C for 45 min.  
 
Primers with optimized annealing temperatures were then tested on a selection of parental 
cultivars, ‘Austin’,  ‘Anna’, ‘Golden Delicious’, ‘Priscilla’, Malus floribunda, ‘Sharpe’s Early’, 
‘Braeburn’, ‘Cox’s Orange Pippin’, ‘Mildew Resistant’,  ‘Prima’ and ‘Lady Williams’.  
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2.4.5 Megaplexing 
This process involves pooling together between 12 to 16 primer sets, labeled with a fluorescent 
dye, but with different amplification product sizes, in a single amplification reaction. 
Fluorescently labeled primers were selected and grouped into megaplexes based on the dye 
colour and amplification product size. Each megaplex set was used in the same PCR reaction. 
An expected amplification product size separation of at least 50 bp was allowed between 
primers of the same dye colour in a megaplex. PCR was performed using the Qaigen PCR 
Master Mix kit as per the manufacturer’s instructions. A 5 µl reaction mixture comprising of 1 
µl 10 ng gDNA, Qaigen Master Mix 2.5 µl, primer megaplex (16 primers) 0.5 µl of 0.6 
picomole/µl per primer pair and 1 µl of PCR grade water were used throughout the entire study.  
 
The PCR temperature profile was set and performed on the Thermal Cycler (Master Cycler) as 
follows: 15 mins/95°C, followed by 40 cycles of 60 sec/94°C, 60 sec/58°C and 120 sec/72°C, 
and a final extension of 30 min/72°C and finally stored at 4°C. 
 
2.4.6 PAGE based PCR amplification product detection 
A 2.5X volumes of polyacrylamide gel loading buffer was mixed with the sample, which was 
subsequently denatured at 95°C for 5 minutes, prior to loading it onto the gel. The denatured 
sample was loaded onto a 6% polyacrylamide (19:1 acrylamide: bis acrylamide) gel, which was 
then run in a 1X TBE solution at 15 V/m for 70 minutes. The PAGE gel was then silver stained 
in a modified quick-stain method for PCR product visualization. The staining involved soaking 
the gels in a 0.1% (w/v) AgNO3 solution for 10 minutes followed by rinsing the gel in water 
three times. The gels were then developed by soaking them in a developing solution containing 
1.5% (w/v) NaOH, 0.15% (v/v) formaldehyde and 0.01% (w/v) NaBH4, with a final rinse in 
water to stop the gel staining process. 
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2.4.7 Capillary electrophoresis 
The ABI 3130xl (16-capillary array system) Genetic Analyzer (Applied Biosystems, Foster 
City CA, USA) was used for capillary electrophoresis. Size determination of 6-FAMTM, VICTM, 
NEDTM and PETTM labeled primers was done with size standard labeled with LIZTM (Applied 
Biosystems) (GeneScanTM 500 LIZTM) fluorescent dyes. POP-7 sizing polymer matrix, 1x 
Genetic analyzer buffer with EDTA and 16 x 36 cm x 50 µm uncoated capillaries were used. 
 
After amplification, 2 µl of the PCR amplification product was mixed with 10 µl of Hi-Di 
formamide in an Applied Biosystems® (ABI) 96 well-plate and 0.25 µl of a commercial DNA 
standard (GeneScanTM LIZ-250 Size Standard, Applied Biostsyems) was added to each well. 
The samples were then denatured at 96°C for 3 minutes and immediately snap-cooled on ice 
before being loaded onto the ABI PRISM ® 3130xl Genetic Analyzer machine (Applied 
Biosystems). Snap cooling was done to ensure that the now single stranded PCR products did 
not re-anneal to revert to their double stranded form once denatured. Samples were injected for 
15 seconds at 15.000V and separated at 15.000 V for 24 minutes at a run temperate of 60°C. 
The resulting data was displayed as an electropherogram using GeneMapper 4.0® software 
(Applied Biosystems, Foster City, CA), which was used for the scoring of SSR markers as well. 
 
2.4.8 Allele size calling  
The results obtained from the ABI runs were then analysed using GeneMapper 4.0® software 
(Applied Biosystems). This data was analysed using a microsatellite default setting in order to 
size and genotype the data, which had been generated by the ABI 3130xl Genetic Analyzer 
(Applied Biosystems). The markers were scored for segregation and those that showed 
polymorphism were used for the construction of the map. The scored markers were then 
exported to an excel file where they were exported and then transposed to JoinMap® 4.1 
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software (Van Ooijen & Voorrips, 1998). Each seedling was genotyped for a specific locus, 
using the JoinMap® 4.1 coding system, according to the preset criteria as shown by Table 2.5. 
JoinMap algorithms, which are based on the Kosambi mapping function were used to calculate 
and create the linkage maps for each parent. 
Table 2.5: Segregation ratios and types expected from a full-sib, outbreeding species, as described by 
JoinMap® 4.1 codes. 
 
Class Segregation 
type 
Number 
of alleles 
Segregating alleles F1 
Parent 
 1 
Parent 2 Genotypic 
codes 
Expected 
ratio 
1 ab x cd 4 Yes Yes ac; ad; bc; bd 1:1:1:1 
ef x eg 3 Yes Yes ee; ef; eg 2:1:1 
2 hk x hk 2 Yes Yes hh; hk; kk 1:2:1 
3 nn x np 2 or 3 No Yes nn; np 1:1 
lm x ll 2 or 3 Yes No lm; ll 1:1 
 
2.4.9 DArT Analysis 
A 20 µl DNA aliquot with an average concentration of 50 ng/µl per sample of all the three 
mapping populations was sent to Diversity Array Technology Pty Limited (Yarralumla, 
Australia) for DArT analysis. The markers generated are dominant markers and these were then 
converted to JoinMap codes as per the supplier instructions. Markers with a call rate above 75% 
were selected for the analysis. The call rate is the percentage of targets that could reliably be 
assigned a score of ‘0’ or ‘1’ for a candidate marker (Henk J. Schouten et al., 2012). With ‘1’ 
and ‘0’ indicating hybridisation or lack of hybridisation to oligonucleotides on the array, 
respectively. 
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Scored DArTs were implemented on all three populations. The resulting DArT markers from 
the analysis were then converted into JoinMap codes in Microsoft® ExcelTM according to Table 
2.5. 
 
Table 2.6: Scoring and converting segregating DArT markers to JoinMap® codes 
 
Parent 1 Parent 2 Segregation ratio 
guideline 
JoinMap code 
- 0 1:1 lm x ll 
- 1 1:1 lm x ll or nnxnp 
3:1 hk x hk 
- - 1:1 lm x ll or nnxnp 
3:1 hk x hk 
1 0 - lm x ll 
1 1 1:1 lm x ll or nnxnp 
3:1 hk x hk 
0 0 exclude markers 
0 1 - nn x np 
1 - 1:1 lm x ll or nnxnp 
3:1 hk x hk 
0 - 1:1 nn x np 
Under the parents’ columns, the results are indicated as either a 1 or 0. The – indicates that the 
marker is either a 1 or 0 on the array. This can be verified by checking the segregation ratios of 
the progeny with the marker in question. 
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2.4.10 Infinium SNP assay 
The 8K SNP array International RosBREED SNP Consortium (IRSC) chip (referred too as the 
apple SNP chip in this thesis), based on the Illumina Infinium® ΙΙ design probes and dual 
colour channel assays was used for SNP genotyping. The apple SNP chip has 7867 Malus and 
921 Pyrus SNPs. The overall cluster density on the ‘Golden Delicious’ x ’Scarlet’ reference 
genetic map was one cluster per ever centiMorgan (David Chagné, Crowhurst, et al., 2012).  
 
The Infinium chip assay was performed according to the manufacture’s instruction manual for 
Infinium HD Ultra (Illumina.inc, San Diego, USA). The procedure involved whole gDNA 
isothermal amplification, fragmentation and hybridization to the BeadChip.  
 
A total of 4 µl of gDNA with a concentration of 50 ng/µl from all the three populations was 
transferred into 96 well plates. The DNA was moved into an MSA3 plate, in which the samples 
were denatured and neutralized using the pre-PCR protocol of the Infinium HD Assay Manual 
(Illumina.inc, San Diego, USA). The DNA then under went whole genomic isothermal 
amplification. The whole gDNA isothermal amplification was performed in an Illumina 
Hybridization Oven for 20-24 hours at 37°C. 
 
After whole genomic isothermal amplification, fragmentation was performed. This step 
consisted of an enzymatic fragmentation of the DNA by the use of the end-point fragmentation 
technique in order to avoid over-fragmentation, at 37°C for 1 hour. The fragmented DNA was 
then precipitated using 2-propanol at 4°C for 30 minutes and re-suspended. 
 
Lastly, the fragmented, re-suspended DNA samples were dispensed onto the BeadChips for 
hydridisation. The BeadChips were then incubated in the Illumina Hybridization Oven at 48°C 
for 16-24 hours in order for bead hydridisation to the Infinium chip to occur. The BeadChips 
were washed to remove the unhybridized and non-specifically hybridized DNA samples. After 
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the DNA had hydridised to the BeadChip, Single-Base extension was then performed in order 
to identify the SNPs present. This process is achieved by the addition of labeled nucleotides to 
extend the primers hybridized to the DNA. The primers are then stained in preparation for 
imaging and the BeadChip is coated for protection. The imaging was performed on the Illumina 
HiScan Reader (Illumina inc, San Diego, USA). 
 
2.4.11 SNP Analysis 
The International RosBREED Consortium SNP chip (IRCS) from here on referred too as the 
apple SNP chip was wholly developed on the Illumina Infinium ® ΙΙ design probes and was 
employed on all three populations ‘Mildew Resistant’ x ‘Golden Delicious’, ‘Russian Seedling’ 
x ‘Golden Delicious’ and Malus platycarpa x ‘Mildew Resistant’. After the HiScan had imaged 
the chip, the data generated was viewed and processed in GenomeStudio (Illumina inc, San 
Diego, USA). GenomeStudio is used to visualize and analyse data generated by Illumina 
platforms. The software package comprises of seven discrete application modules that enable 
comparing of data from different applications in order to have a comprehensive view of a 
genome or set of genes. Data generated for all the three populations was scored and sorted in 
GenomeStudio using a GenCall threshold of 0.15. The threshold for the GenTrain score was set 
at 0.35 for all the three populations. The lowest CallRate accepted was 0.70. 
 
In GenomeStudio, each SNP is analysed in conjunction with DMAPS that have the relevant 
information on the composition of SNPs on each bead on the chip in order to cluster and 
identify the genotypes. DMAPs therefore, help in the annotation of the beadchip. A cluster file 
was generated from controlled or known parental lines, genotypes were then identified and 
called by comparing the experimental data with those supplied in the cluster file. The apple 
cluster file was generated using 140 parental genotypes (Illumina.inc, 2012). Of the 140 
genotypes used to generate the cluster file only ‘Golden Delicious’ was common to the parents 
used in this project. This cluster file allowed the analyses of SNPs and data across 7867 
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markers. After calling the SNPs a visual inspection of all the SNPs was carried out for all three 
populations. The CallRate for the individuals was therefore low. Individual SNP clustering was 
then guided by the two genotypes of the parents. 
 
The data generated in GenomeStudio (Illumina.inc, 2012) was then exported into Excel for 
post-scoring analysis. Markers were converted to JoinMap® 4.1 mapping codes according to 
the segregation type; AB x AA or AB x BB (segregating in the male ‘Mildew Resistant’, 
‘Russian Seedling’ and Malus platycarpa) were coded lm x ll and AA x AB or BB x AB 
(segregating in the female ‘Golden Delicious’ and ‘Mildew Resistant’ in one cross) were coded 
nn x np. Markers segregating as heterozygous for both parents (AB x AB) were coded as hk x 
hk. 
 
 
Figure 2.1: GenomeStudio output file of ‘Russian Seedling’ x ‘Golden Delicious’ population  
The panel on the right of Figure 2.1 displays all the SNPs on the apple SNP Chip. While the upper left panel 
gives a graphical representation of the progeny in relation to how it has been genotyped for a particular SNP. 
The lower  left panel represents all the progeny. 
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2.4.12 Segregation analysis of populations 
‘Mildew Resistant’, ‘Russian Seedling’ and Malus platycarpa were used as the male parents in 
cross with ‘Golden Delicious’ and ‘Mildew Resistant’ as the female parents. Transferable SNPs 
and SSR markers were used in conjunction with dominant DArT markers to construct the maps 
for the three populations. Since the SNPs were developed from the genome sequence data they 
were then used to align the map to the genome.  
 
2.4.13 Map Construction 
JoinMap® 4.1 (Van Ooijen & Voorrips, 1998) was used to construct the integrated genetic 
linkage maps for the F1 populations. These maps were generated from the three mapping 
populations ‘Mildew Resistant’ x ‘Golden Delicious’, ‘Russian Seedling’ x ‘Golden Delious’ 
and Malus platycarpa x ‘Mildew Resistant’. Integrated linkage maps were built using scored 
polymorphic SSRs, DArTs and SNPs. All markers were scored in accordance with the 
JoinMap® 4.1 (Van Ooijen & Voorrips, 1998) codes. The codes nn x np and lm x ll were 
assigned for heterozygosity in one of the parents while ab x cd, ef x eg and hk x hk were 
assigned for heterozygosity in both parents representing four, three and two alleles respectively. 
Maps constructed in JoinMap® 4.1 (Van Ooijen & Voorrips, 1998) were visualized graphically 
using MapChart® 4.0 (Voorrips, 2002).  
 
All map distances and marker orders were determined using the Kosambi mapping function 
(Kosambi, 1943). Linkage groups were determined by setting a minimum logarithm of odds 
LOD score of 5.0 and a maximum LOD score of 15 for the development of all the maps, as a 
LOD score lower than 15 was not able to separate out the dense SNP clusters into there 
respective linkage groups. A re-combination frequency of 0.30 for every pair of markers was 
used. A goodness-of-fit value of 3 was employed for all three populations as well. Seedlings 
that had 2% missing data were excluded from the mapping data. Since all the mapping 
population were F1, the population were coded as ‘CP’ (Cross Pollinated) and marker phase was 
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automatically determined by JoinMap® 4.1 software. 
 
All monomorphic markers were discarded, which was followed with the assessment of the 
degree of segregation for every marker. Markers exhibiting normal Mendelian segregation 
ratios were initially considered. This was determined by the χ2 test calculated by JoinMap® 4.1 
per each marker. All markers showing a high χ2-value (χ2 ≥ 30), which is an indication of 
segregation distortion, were re-analysed and if the high χ2-value persisted they were then 
discarded. Exception was made for SNPs markers, which were assigned to the same linkage 
group and pseudo-chromosome as in the genome. For the other two marker systems (SSRs and 
DArTs) if any of the markers persisted with a high χ2-value they were initially included in the 
mapping and then discarded if they affected the positioning of other loci. Since DArTs are 
dominant markers most of the ‘hk’ derived markers had high χ2 and had to be converted from 
the 1:2:1 (hh: hk: kk) format to either 3:1 (hh+hk:kk) or 1:3 (hh:hk+kk) in order to realign the 
segregation ratio and get a lower χ2 value. This conversion was done using JoinMap calculation 
parameters.  Any loci having 30% missing data were excluded from analysis. Linkage group 
naming was done according to Maliepaard et al. (1998) and then with the availability of the 
genome data and SNPs, the naming was then based on the actual position on the genome using 
the pseudo-chromosomes that have been constructed for the genome (Riccardo Velasco et al., 
2010). All the genetic maps were plotted and visualised using MapChart 4.0 for windows 
(Voorrips, 2002). 
 
2.4.14 QTL Identification 
2.4.14.1 QTL mapping 
QTL analysis was performed using the MapQTL® 6.0 (Van Ooijen, 2004) software package. 
This software is able to deal with a full-sib family derived from heterozygous parents of a 
cross-pollinating species such as Malus spp. QTL analysis was performed on the entire progeny 
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of each mapping populations ‘Mildew Resistant’ x ‘Golden Delicious’, ‘Russian Seedling’ x 
Golden Delicious’ and Malus platycarpa x ‘Mildew Resistant’ using the seasonal data from the 
two years (2011 and 2012) for apple scab and powdery mildew, whilst for WAA the data was 
only available for one year (2012). The phenotypic or quantitative data (the .qua file), the 
information of each locus (the .loc file) and the mapped marker data (the .map file) were 
required by MapQTL® 6.0 in order to compute putative QTLs. 
 
The .qua file was generated from the individual season’s data and converted to a text file that 
MapQTL® 6.0 would be able to read and analyse. The .loc file represents all the markers used 
to create the linkage maps with all the information such as the phrasing for each marker, 
segregation type and type of population. A data file with this information was generated in 
JoinMap® 4.1 and exported to an excel file that was then converted to a text file for use in 
MapQTL® 6.0. The data for the marker positions in cM to which the linking markers mapped 
in their respective linkage groups was contained in the .map file. This was generated in 
MapChart® 2.1 and also exported for analysis in MapQTL® 6.0. 
 
For the identification of a putative QTL, a Permutation test in MapQTL® 6.0 was performed 
and genome-wide LOD score was determined for each population according to (Churchill & 
Doerge, 1994). The test used 10 000 permutations in order to determine a minimum LOD 
threshold for accepting putative QTLs at a significant level of 95% (genome wide).  
 
2.4.14.2 Interval mapping 
Interval mapping was performed using MapQTL® 6.0 in order to identify putative QTLs. This 
was done on the seasonal data and if a putative QTL was identified, the markers associated with 
the putative QTL with the highest LOD score were then used for restricted Multiple QTL 
Mapping (rMQM) analysis as the initial co-factors to validate the putative QTLs.  
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2.4.14.3 rMQM mapping 
rMQM was used to localize QTLs using a set of carefully selected markers known as co-
factors. After running the 10 000 permutations a genome wide LOD score was determined for 
each population as the one associated with a 95% confidence level for all the three populations. 
Therefore, this LOD score was employed as the minimum threshold for the detection of all 
putative QTLs During rMQM analysis any regions with a LOD score above these two 
thresholds were considered to be potential QTLs and the marker closely linked to this region 
was further selected and used as a co-factor. This co-factor was then used in an iterative manner 
until a stable putative QTL was obtained. These permutations were performed for all the three 
populations with each seasons’ data. Finally, putative QTL status was ascribed to those QTLs 
that were localized after multiple permutations and had a LOD score above the minimum 
genome wide threshold score for that particular mapping population. 
 
2.5 Sequencing and Phylogenetic Analysis 
Illumina’s sequencing by synthesis (SBS) was performed on the entire set of parental DNA at 
differing depths of coverage. This technology enables the process to have massive parallel 
sequencing platform. This platform uses an Illumina proprietary reversible terminator-based 
method. The terminator-based method enables the detection of single bases as they are 
incorporated into the growing DNA strands (Illumina.inc, 2012). The terminator is 
fluorescently labeled and is imaged as each dNTP is added and then cleaved to allow the 
continuous incorporation of the next bases (Illumina.inc, 2012). Due to the presence of all four 
reversible terminator bound dNTPs, during each sequencing cycle, natural competition 
minimises incorporation bias. 
 
Short-insert paired end reads were prepared using Illumina TruSeq specifications. These were 
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then sequenced using the Illumina HiScanSQ (Illumina.inc, 2012). 1 µg of gDNA input was 
used for the preparation of the libraries for the five parental DNA samples,  ‘Malus platycarpa’  
‘Mildew Resistant’, ‘Anna’ and ‘Russian Seedling’. The quantification of the gDNA was 
performed on the Qubit® Fluorometer, Invitrogen as this method relies on intercalating 
fluorescent dyes and therefore measures only dsDNA. 
 
After quantification, DNA fragmentation follows next. This process involves the optimal 
fragmentation of gDNA to obtain a final library of 300-400 bp average insert size. This average 
insert size is for general genomic sequencing as recommended by Illumina. During shearing, 
fragments with 3′ and 5′ overhangs can be generated.  
 
Soon after shearing end repair is performed in order to convert the overhangs from the 
fragmentation process into blunt ends. This process is performed with a special mix of enzymes 
with 3& and 5& exonuclease activity, which is provided by the kit as End Repair Mix. The 3′ and 
5′ exonuclease function of this mix removes the overhangs from the 3′ end and the polymerase 
activity fills in the 5′ overhangs. 
 
Adenylation of the 3′ end of the blunt fragments is then performed so as to prevent them from 
ligating to one another during adapter ligation reaction. A single ‘A’ nucleotide is added to the 
3′ end of the fragments provided for in the kit as an ‘A-Tailing Mix’ (ATL), similarly a 
corresponding single ‘T’ nucleotide on the 3′ end of the adapter will provide a complementary 
overhang for ligating the adapter to the fragment. This process will ensure a very low rate of 
chimera (concatenated template) formation. 
 
Ligation of the indexing adapters and the purification of the ligation products is then carried 
out. Ligation to the ends of the DNA fragments in preparation for them to be hybridized onto 
the flow cell if performed using the DNA Ligase Mix (LIG). TruSeq™ DNA Adapter Indexes 
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1-12 (AD001-AD012) are also provided for in the kit. The ligation product purification process 
involves the electrophoresis of the ligation products on a gel in order to remove the unligated 
adapters. This process also eliminates adapters that would have ligated to one another. This also 
provides for size selection of the range of fragments that will be an appropriate library for 
sequencing. Illumina recommends that for gDNA sequencing a 300-400 bp insert size target 
(+/- 1 standard deviation of 20 bp). This allows a <20% variance for read length of 2 x 75 bp or 
shorter (Illumina.inc, 2012). Therefore, a 2% agarose 3mm gel was electrophoresed at 10 V/cm 
for 1 hour, in a 1x TBE buffer as mentioned in section 2.4.2 in order to size select. A UV 
Transilluminator was used to view the gel and using the DNA ladder as the guide, a band 
spanning the width of the lane and ranging in size from 400-600 bp was excised using a clean 
scalpel. The MinElute Gel Extraction protocol, as state by the manufacturer, was then 
performed on the excised DNA in order to purify each sample. After purification 20 µl of each 
sample was transferred to 0.3 ml PCR tubes.  
 
The PCR process is used to selectively enrich DNA fragments that have the adapter molecules 
on both ends and to also amplify the copies of DNA in the selected library. A PCR Master Mix 
(PMM) is used to perform the enrichment with a PCR Primer Cocktail (PPC) that anneals to the 
ends of the adapters. DNA fragments with only one adapter or no adapter are a result of the 
inefficiencies in the ligation process. These by-products cannot be used to make clusters, as 
fragments with no adapter will not be able to hybridize to the flow cell and fragments with one 
adapter may hybridize to the surface but will not be able to cluster properly. In order to 
maintain the proper representation of the library, only 6 PCR cycles were performed for the 
entire set of parental DNA.  
 
The PCR temperature profile was set and performed on the Thermal Cycler (Master Cycler) as 
follows: 30 sec/98°C, followed by 6 cycles of 10 sec/98°C, 30 sec/60°C and 30 sec/72°C, and a 
final extension of 5 min/72°C and finally held at 4°C. 
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This was followed with the clean-up of the PCR products using AMPure XP Beads. The clean 
library was then validated by gel electrophoresis. 10% of the library was loaded onto a 2% 
agarose gel and electrophoresed as stated in section 2.4.2 in order to determine that the correct 
library had been purified.  
 
Sequencing was performed on an Illumina HiScan SQ. Approximately 4 pmol per individual 
sample was sequenced. The paired-end sequencing was performed by the running 100 cycles 
for both ends. Base calling was performed using the Illumina software Pipeline (Illumina, San 
Diego, CA). FASTQ files were then obtained for further analysis in downstream processes.   
 
2.5.1 Data processing 
Initially the data was processed using the FASTX-Toolkit (Gordon & Hannon, 2010). 
FASTX_Trimmer was used to trim and remove the first two and last two bases of the sequence 
reads as they had a low quality score. The minimum quality score accepted was 33 Phred score 
(Q-Score). These two bases where cut based on quality after which, Cutadapt (M. Martin, 2011) 
is a terminal run application that removes adapter sequences from high-throughput sequencing 
data. Therefore, in this study it was employed for the trimming of the adapters off all the reads. 
Two adapters were used since all the data was sequenced for paired-end data sets (adapter one: 
AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC and adapter two: 
AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATC
ATT). The resultant file contained sequences with no adapter sequences to them. All sequences 
that were 90 bp and less, were discarded from further analysis.  Therefore, –m 90 was used in 
Cutadapt (M. Martin, 2011). 
 
 
The following commands were employed: 
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FASTX_Trimmer: 
Cutadapt: 
 
2.5.1.1 SAMtools 
Post-alignment processing was done using SAMtools (Li et al., 2009). The alignment file 
generated from CLC Genomics Workbench 6.0.2 (http://www.clcbio.com) was 55.4 Gigabytes. 
This file had to be converted to a BAM file that was more compact and easy to manipulate in 
order to use SAMtools to call a consensus of the sequence. SAMtools is commandline based, 
therefore the commands which were utilized in this project are as follows: 
 
The generated BAM files were then used to call a consensus sequence using SAMtools 
mpileup. Before calling the consensus sequence the BAM files had to be sorted and the 
reference genome had to be indexed. 
 
 
 
 
FASTX_Trimmer  
•  Fastx_trimmer: -f 2 -l 97 -i (fastq file) -v -Q33 -z -o (fastq.gz file) 
Cutadapt  
•  Cutadapt -e 0.02 -o 5 -m 90 -a Adaprter one/two (fastq.gz file) > (output fastq file) 
Alignment file to BAM file 
•  SAMtools view: -b russianSeedling.sam russianSeedling.bam 
BAM file sorting 
•  SAMtools sort sample.BAM sample.sorted 
Reference Genome indexing ('Golden Delicious') 
•  SAMtools faidx GoldenDelicious.fasta 
Consensus Sequence  
•  SAMtools mpileup: -uf russianSeedling.fa russianSeedling.bam | bcftools view -cg 
- | vcfutils.pl vcf2fq > russianSeedling_cns.fq 
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2.5.2 Sequence data analysis 
This is a cross-platform application that utilizes a graphical user-interface for analyzing and 
visualizing of Next Generation Sequencing data. CLC Genomics Workbench 6.0.2 includes 
features that range from whole genomic analysis (whole genome re-sequencing, de novo and 
SNP detection) to epigenomics (ChIP-seq, peak finding and refinement and false rate graphs). 
 
2.5.2.1 CLC Importation of Reads  
The trimmed paired-end reads from Cutadapt (M. Martin, 2011) were imported into CLC 
Genomics Workbench 6.0.2 (http://www.clcbio.com) using the import tool (File | Import | 
Illumina). The reads were imported with the following options:  
General options section: As Paired-end and Discard Read Names. 
Read orientation section: Paired-end and Forward-Reverse 
Insert size section: Minimum distance-100 and Maximum distance-600 
Under Quality Scores section: NCBI/Sanger or Illumina pipeline 1.8 or later 
 
2.5.2.2 Quality Analysis of Reads 
A sequence quality analysis was performed on all the imported reads in order. This procedure is 
carried out to visually determine if the sequence data is high quality and to detect if over-
represented motifs are present. The following parameters were used: Quality analysis, Over-
representation and Create duplicate sequence list. 
 
2.5.2.3 Mapping of Reads to the Malus x domestica Borkh Mitochondria 
A global alignment was performed on the mitochondrial genome from Malus x domestica 
Borkh using all the trimmed paired-end reads from the parental DNA of ‘Anna’, Malus 
platycarpa, Malus sieversii, ‘Mildew Resistant’ and ‘Russian Seedling’. The reads were 
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mapped using CLC Genomics Workbench with the following parameters: mismatch cost-2, 
insertion cost-3, deletion cost-3, length fraction-0.95 and similarity-0.99. 
 
2.5.2.5 BLAST analysis 
Two types of Basic Local Alignment Search Tools (BLASTs) (S. F. Altschul, Gish, Miller, 
Myers, & Lipman, 1990) were carried out using CLC Genomics Workbench 6.0.2 namely: 
Local BLAST and NCBI BLAST. 
 
The BLASTn option was used to look for DNA sequences (SNP flanking regions) with 
homologous regions to the nucleotide query sequence, which was ‘Russian Seedling’ linkage 
group two.  To conduct the BLAST the following was parameters were used: Toolbox | Blast | 
Local BLAST, BLAST program | blastn (DNA sequence and database), Target | Sequence 
(Russian Seedling). The following BLAST options were chosen: Word size-11, Match-1, 
Mismatch-3, Existence-5 and Extensionn-2. 
 
In order to perform the NCBI BLAST the following procedure was performed: Toolbox | 
BLAST | NCBI BLAST, BLAST program | blastp (protein sequence and database). The 
following parameters were utilised: 
Table 2.6: NCBI BLAST parameters utilized in CLC Bio Genomics Workbench 
 
Search parameter name Search parameter value 
Program blastn 
Word size 28 
Expect value 10 
Hitlist size 100 
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Match/Mismatch scores 1,-2 
Gapcosts 0,0 
Low Complexity Filter Yes 
Filter string L;m; 
Genetic Code 1 
 
2.5.3 Full Pfam domain search 
Protein Domain searches were performed using CLC Genomics workbench 6.0.2 (CLC Bio) 
with a full Pfam domain search (http://www.sanger.ac.uk/software/pfam/search.htlm)  The 
following parameters were utilized: Toolbox | Classic sequence analysis | Protein analysis | 
Pfam domain search. The following Pfam domain search options were used: Pfam Search 
Full domains and Fragments, Max E-value 0.001. 
 
2.5.4 Mitochondrial Genome Annotation 
The annotation of the five mitochondrial genomes was performed using Mitofy (Alverson et al., 
2010). This software is specific for the annotation of plant mitochondrial genomes. Mitofy is 
command-based. The program only utilises files in the Fasta format. Therefore, all the 
consensus sequences of the mitochondrial genomes were converted to Fasta file using the Fast-
Toolkit. 
 
To run the program the following commands were used: 
 
This command will annotate Malus spp.fasta file and all output files will have the name 
‘Malus.spp’. 
The following command was used to increase the stringency of the BLAST e-value cutoff for 
Mitochondrial Annotation 
•  ./mitofy.pl Malus spp.fasta Malus spp 
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protein genes and increased the percentage identity to 90 % cutoff. 
 
 
The actual annotation was performed by clicking on ‘Annotation’ in the output file generated 
and presented in the Safari web browser. When a gene or tRNA window is opened in Safari an 
annotation form automatically opened such as the one shown below in Figure 2.2. 
 
Figure 2.2: Annotation form for the gene atp1 for the ‘Anna’ mitochondrial genome 
 
The coordinates of the gene were then entered in the ‘Coords’ box. For the compilation of the 
Mitochondrial Annotation (Stringent) 
•  ./mitofy.pl --prot_emax=1e-6 --prot_pmin=90 Malus spp.fasta Malus spp 
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final results the *tbl files generated by Mitofy were run through ‘tbl2asn’ from NCBI Sequin. 
This process converted the Fasta file and the annotation files *tbl into a single ASN file. The 
ASN file was then submitted to OrganelleGenomeDRAW (OGDRAW) (Lohse, Drechsel, & 
Bock, 2007) in order to create a fully annotated circular genome map for all the mitochondrial 
genomes.  
 
2.5.5 Phylogenetic Analysis 
Phylogenetic analysis for both the Mitochondrial and SNP data was performed in Molecular 
Evolution Genetics Analysis 5.1 (MEGA 5.1) (K. Tamura et al., 2011) software and CLC 
Genomics Workbench 6.0.2 (http://www.clcbio.com).  
 
2.5.5.1 Phylogenetic Analysis 
The multi-sequence alignment was done using the Align tool in MEGA 5.1. Both mitochondrial 
and SNP data from the apple SNP chip was aligned by the following procedure in MEGA 5.1: 
Align | Edit/Build Alignment. The alignment was then saved as a .meg file that can be utilised 
for phylogenetic analysis 
 
All phylogenetic trees produced through the use of MEGA 5.1 were performed with the 
Maximum likelihood algorithm. The .meg file generated above as an alignment file was used 
for the creation of the phylogenetic trees. The following parameters were used to produce the 
phylogenetic trees: Phylogeny | Construct/Test Maximum Likelihood Tree, Rates among 
Sites | Uniform rates, Gaps/Missing data treatment | Complete deletion and Branch Swap 
Filter | Very Strong. 
 
2.5.5.2 Phylogenetic analysis with bootstrapping 
A multiple alignment was performed for both the mitochondrial and data from the apple SNP 
 
 
 
 
 Page  
 
103 
chip using the Create Alignment tool in CLC Genomics Workbench 6.0.2. The following 
parameters were employed: Gap open cost-10.0, Gap extension cost-1.0 and Alignment | 
very accurate. 
 
The alignment file created was then used for the production of the phylogenetic trees using the 
Maximum Likelihood Phylogeny tool. The following parameters were employed for the 
phylogenetic tree development: Starting tree | Neighbor joining, Substitution model | Jukes 
Cantor and Estimation | Estimate topology.         
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Chapter 3: Disease Resistance Segregation 
3.1 Introduction 
In order to harness and utilise the wealth of genetic resources available to apple researchers, 
quality phenotyping is essential. For the detection of putative QTLs/genes on the genome, there 
is a need for the correlation of the plant genetic sequence with quantitative phenotypic disease 
resistance data (Rousseau et al., 2013). This correlation is highly dependent on the availability 
of a segregating Malus population, generated by crossing a resistant and susceptible parent. 
This usually leads to the identification of loci or QTLs that will be imparting the observed 
resistance in that particular population (Postman, Volk, & Aldwinckle, 2010). 
 
Collected phenotypic data is usually analysed in order to determine whether the resistance being 
observed is either quantitative (QTLs) or qualitative (monogenic) in nature. This can be 
performed by subjecting the collected phenotypic data to a goodness of fit test to the Mendelian 
ratios for the segregation of a single major gene (χ2= 1:1) or for several genes (χ2= 3:1) for 
resistance: susceptible (R:S) progenies. 
 
This chapter deals with the classification of the disease resistance infections, the subsequent 
frequency distribution of each trail and goodness of fit to the Mendelian ratios for gene 
segregation. A Pearson correlation analysis was also performed to compare in between season 
data collection consistency. This analysis was aimed at determining whether the classification 
was consistent in between the two seasons for apple scab and powdery mildew for the three 
mapping populations. A goodness of fit for χ2= 1:1 and χ2= 3:1 for single major gene and 
multiple gene resistance being observed, respectively, for all the disease resistance trails was 
also presented. The analysis of the disease resistance segregation will be used in the detection 
of QTLs as one of the major aims of this work. 
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3.2 Frequency Distributions and Phenotypic Association   
3.2.1 Apple Scab Frequency Distribution and Classification  
Frequency distribution bar graphs for the apple scab inoculations were generated for all three 
populations, ‘Mildew Resistant’ x ‘Golden Delicious’, ‘Russian Seedling’ x Golden Delicious’ 
and Malus platycarpa x ‘Mildew Resistant’ using the raw data from the two experimental 
seasons, (season one) 2011 and (season two) 2012 collected. As shown in Figure 3.1 in which 
season one is in blue and season is in red. The ‘-‘ class represents the individuals that were 
presented with an absence of infection as these considered to be totally resistant. The ‘Mildew 
Resistant’ x ‘Golden Delicious’ population presented with a normal distribution. Although this 
population did not present with individuals with class 1 symptom. The other two mapping 
populations had a high number of individuals at the two extremes (Figure 3.1). 
  
 
 
 
 
 Page  
 
106 
 
 
 
 
 
Figure 3.1: Scab frequency distribution curves. 
 
Malus platycarpa x ‘Mildew Resistant’ (MP x MR), ‘Mildew Resistant’ x ‘Golden Delicious’ (MR x GD) and  
‘Russian Seedling’ x Golden Delicious’ (RS x GD) scab resistance frequency distribution data for season one 
(2011) and season two (2012). The ‘Mildew Resistant’ x ‘Golden Delicious’ population had a normal 
distribution curve. 
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3.2.1.1 Apple scab classification 
During the apple scab trails all the seedling were grouped into 5 classes using the Chevalier 
scale (Chevalier et al., 1991). Classes 1 and 2 were classified as exhibiting a hypersensitive 
response and were resistant. Class 3 was split into 3a and 3b both of which are characterised by 
chlorotic lesions with the symptoms being more severe in 3b. Class 4 also presented with a 
hypersensitive response characterised necrotic lesions of the entire leaf and therefore was 
considered to susceptible. 
 
 
Figure 3.2: Apple scab infected leaves representing the five categories using the Chevalier scale. 
Class 1 is resistant presenting a hypersensitive response and class 4 is susceptible characterised with necrotic 
lesions of the entire leaf area. Class 2 seedlings are resistant with mild symptoms. Classes 3a and 3b presented 
with chlorotic lesions with class 3b having more severe symptoms. 
 
 194 
 
 
Figure 5.1. Scab infected leaves from seedlings classified into 5 categories using the 
Chavalier scale. Class 1 and 4 seedlings show a characteristic hypersensitive response 
characterised by necrotic lesions where class 1 is resistant and 4 is susceptible; class 2 
seedlings are resistant and thus show mild disease symptoms; Class 3 is split into 3a and 
3b characterised by chlorotic lesions with symptoms more severe in 3b. 
 
 
 
 
       1                       2                        3a                  3b                    4   
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3.2.2 Powdery Mildew Frequency Distribution and Classification 
The powdery mildew raw data from the resistance trails was used to generate frequency 
distribution graphs for all the three populations, ‘Mildew Resistant’ x ‘Golden Delicious’, 
‘Russian Seedling’ x Golden Delicious’ and Malus platycarpa x ‘Mildew Resistant’ for the two 
seasons under investigation. Figures 3.2 represents the four classes that were used to score 
powdery mildew infections on the three populations. The ‘-‘ class represents the individuals 
that were scored as having an absence of infection. The Malus platycarpa x ‘Mildew Resistant’ 
mapping population had a weak continuous distribution curve. Whilst the Russian Seedling’ x 
Golden Delicious’ population is exhibiting a complete continuous curve (Figure 3.2). 
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Figure 3.2:Powdery Mildew frequency distribution curves. 
Malus platycarpa x ‘Mildew Resistant’ (MP x MR), ‘Mildew Resistant’ x ‘Golden Delicious’ (MR x GD) and  
‘Russian Seedling’ x Golden Delicious’ (RS x GD) mildew resistance frequency distribution data for season 
one (2011) and season two (2012). Russian Seedling’ x Golden Delicious’ population is exhibiting a complete 
continuous curve. 
 
3.2.2.1 Powdery Mildew classification 
Figure 3.3 presents the novel classes for the scoring of powdery mildew that were implemented. 
Class 1 (A) (Figure 3.3) was considered as resistant presenting with one to three lesions. Class 2 
(B) presented with an average of between four to 10 lesions per leaf surface and had less than 
50% of the leaf surface covered with lesions. Class 3 (C) is characterised by having between 50 
to 80 % the leaf surface being covered with lesions. Class 4 (D) had the severally infected 
plants with above 80% of the leaf having been covered by lesions. 
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A    B     
C  D  
Figure 3.3: (A) Pictorial representations of the four powdery mildew classes of infection.  
Class 1 presented with slightly infected leaves and small lesions. (B) Class 2 was classified as moderately 
infected with <50% infection of the leaf surface. (C) Class 3 represented highly infected leaves with 50 to 80% 
infection of the leaf surface. (D) Class 4 represented severely infected leaves, these had >80% infection. 
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3.2.3 Pearson’s correlation phenotypic association analysis 
A Pearson’s correlation analysis was performed in order to show any phenotypic association in 
between the two seasons for scab and powdery mildew for the three populations, ‘Mildew 
Resistant’ x ‘Golden Delicious’ (MRxGD), ‘Russian Seedling’ x Golden Delicious’ (RSxGD) 
and Malus platycarpa x ‘Mildew Resistant’ (MPxMR). The Pearson correlation coefficient was 
used to measure the linear relationship between the data of the first season and second season as 
the X and Y variables respectively giving a value of between +1 and -1. The analysis was 
performed with a p-value of 0.0001 (p < 0.0001). 
Table 3.1: Pearson’s correlation coefficients (R) for MRxGD, RSxGD and MPxMR. 
 
Trait MRxGD MPxMR RSxGD 
Scab R-value 0.08775 0.46934 0.35001 
Mildew R-value 0.52911 0.40843 0.56408 
*The lower the R-value in this analysis the weaker the correlation, with MRxGD showing the 
lowest correlation for scab resistance in the two seasons. The two seasons were considered to be 
the two variables in the association analysis. 
 
The R-values in Table 3.1 above indicate that a positive correlation between the two season’s 
data was obtained. The R-value (0.08775) for MRxGD scab was weak as compared to the 
observed values for the other two crosses. Correlation coefficient r = 0.71 – 1.0, r = 0.31 – 0.70 
and r = 0 – 0.30 were considered strong, moderate and weak respectively. The Pearson 
correlation coefficient was used to determine the linear correlation between the sampling scores 
of the two seasons in order to determine the consistency of scoring. 
 
3.2.4 Phenotypic segregation  
The phenotypic segregation of the disease resistance trails for all the populations was subjected 
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to chi-square test in order to check for a goodness of fit with the Mendelian ratio for the 
segregation of resistance gene(s) (section 2.3.3). The segregation ratios of R:S for all the 
disease resistance trails forever season are shown in Tables 3.2, 3.3 and 3.4. Chi-square is used 
by breeders to determine if the observed phenotypes conform to the expected genetic 
segregation. For this study, chi-square was tested on the F1 progeny of the three mapping 
populations for two possibilities: (1) the first possibility that a major gene was segregating 
according to the expected Mendelian ratio of 1:1, (2) the second possibility was that the 
observed phenotype was due to the segregation of several genes being contributed by both 
parents or a single parent with multiple resistance genes according to the Mendelian segregation 
for several genes with the ratio 3:1. 
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Table 3.2: The phenotypic goodness of fit ratios for the three populations segregating for apple scab resistance. The chi-square calculations were performed for all 
the seasons. 
 
Population Phenotypic class Segregation Aχ2(p-value) Bχ2(p-value) 
0 1 2 3a 3b 4 R S 1:1 3:1 
‘Malus platycarpa’ x ‘Mildew Resistant’ 13 29 7 9 11 19 58 30 8.91 (0.00) 3.88 (0.04) 
 19 20 22 2 6 19 63 25 16.40 (0.00) 0.42 (0.51) 
‘Mildew Resistant’ x ‘Golden Delicious’ 9 0 10 20 11 39 39 50 1.36 (0.24) 46.13 (0.00) 
 9 0 15 15 12 38 39 50 1.36 (0.24) 46.13 (0.00) 
‘Russian Seedling’ x ‘Golden Delicious’ 19 38 11 5 3 9 73 12 43.77 (0.00) 5.37 (0.02) 
 28 23 17 4 5 8 72 13 40.95 (0.00) 4.27 (0.04) 
Chi-square was tested for the two possible genetic segregation ratios of 1:1 and 3:1. The ‘Malus platycarpa’ x ‘Mildew Resistant’ and ‘Russian 
Seedling’ x ‘Golden Delicious’ mapping populations conformed to the 3:1 segregation ratio as shown by there chi-square values. The ‘Mildew 
Resistant’ x ‘Golden Delicious’ mapping population presented with chi-square values that fit the 1:1 segregation ratio for both seasons under 
investigation. 
Aχ2 Goodness of fit for monogenic inheritance 
Bχ2 Goodness of fit for digenic inheritance  
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Table 3.3: The phenotypic goodness of fit ratios for the three populations segregating for powdery mildew resistance. The chi-square calculations were performed 
for all the seasons. 
 
Population Phenotypic class Segregation Aχ2(p-value) Bχ2(p-value) 
0 1 2 3 4 R S 1:1 3:1 
‘Malus platycarpa’ x ‘Mildew Resistant’ 70 8 9 1 0 78 10 52.54 (0.00) 8.73 (0.01) 
 67 18 3 0 0 85 3 76.41 (0.00) 21.88 (0.00) 
‘Mildew Resistant’ x ‘Golden Delicious’ 52 19 9 3 4 71 18 31.56 (0.00) 1.08 (0.30) 
 53 19 9 4 4 72 17 33.99 (0.00) 1.65 (0.20) 
‘Russian Seedling’ x ‘Golden Delicious’ 26 14 32 12 1 40 45 0.29 (0.59) 35.38 (0.00) 
 25 24 19 12 5 49 36 1.99 (0.16) 13.64 (0.00) 
Resistance was considered as (0 and 1), whilst susceptible was (2 to 4). Chi-square was tested for the two possible genetic segregation ratios of 1:1 
and 3:1. The ‘Russian Seedling’ x ‘Golden Delicious’ mapping population conformed to the 1:1 segregation ratio, which indicates that a major gene/ 
major QTL was responsible for the observed resistance to powdery mildew. The other two populations conformed to the 3:1 ratio, which indicates 
that the observed resistance was quantitative. 
Aχ2 Goodness of fit for monogenic inheritance 
Bχ2 Goodness of fit for digenic inheritance 
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Table 3.4: The phenotypic ratios for the three populations segregating for Woolly Apple Aphid resistance.  
 
Population Phenotypic class Segregation Aχ2  Bχ2 
0 1 2 3 4 R S 1:1 3:1 
‘Malus platycarpa’ x ‘Mildew Resistant’ 45 22 10 11 0 67 21 22.0 (0.00) 0.06 (0.80) 
‘Mildew Resistant’ x ‘Golden Delicious’ 40 29 14 6 0 69 20 22.75 (0.00) 0.30 (0.58) 
‘Russian Seedling’ x ‘Golden Delicious’ 47 32 5 1 0 79 6 62.69 (0.00) 14.58 (0.001) 
Resistance was considered as (0 and 1), whilst susceptible was (2 to 4). Chi-square was tested for the two possible genetic segregation ratios of 1:1 
and 3:1. All the three mapping populations segregated for the 3:1 ratio, meaning the resistance observed was quantitative suggesting a possibility that 
all the parents were contributing towards the resistance. 
Aχ2 Goodness of fit for monogenic inheritance 
Bχ2 Goodness of fit for digenic inheritance 
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3.3 Phenotypic Data Discussion 
3.3.1 Apple Scab 
Accurate mapping of any disease resistance genes or QTLs relies heavily on generating very 
high quality phenotypic data of the mapping populations. All the disease resistance trails were 
performed in the glasshouse (section 2.3.2). The use of the glasshouse environment does not 
have any significant impact on the position of putative genes (SE Gardiner et al., 1996).   
 
All five disease resistance classes were observed in all the mapping populations except for the 
‘Mildew Resistant’ x ‘Golden Delicious’ mapping population. This population was observed to 
only have individuals in classes 2-4. Since classes 0-3a are resistant classes, however, this 
mapping population presented a phenotypic segregation ratio of 1:1 (resistant: susceptible) for 
the two seasons in this population. This segregation ratio is significant in that it is associated 
with the segregation of a major gene from a heterozygous dominant parent. Both seasons had a 
chi-square value of χ2 = 1.36 and a p-value = 0.24. This meant that the population was 
significantly segregating for a dominant gene as χ2 = 1.36 was significant at p > 0.05. This 
‘Mildew Resistant’ x ‘Golden Delicious’ mapping population did not have any progeny with the 
outright resistance class 1 hypersensitive response. However this is the only population, which 
had a segregation ratio of 1:1 (resistant: susceptible) meaning that the mild resistance being 
observed could be derived from one of the parents having a single apple scab resistance gene 
(V. Bus et al., 2005). Therefore one of the parents was homologous susceptible. A bimodal 
segregation pattern is expected when a population presents with a 1:1 ratio. However, the 
bimodal phenotypic segregation pattern expected for a major gene was weak due to the fact that 
no seedlings were completely resistant (absence of class 1). This weak resistance could have 
been due to the cumulative effects of several minor QTLs a single minor gene derived from the 
susceptible parent, which would have contributed to the phenotype (Pertot & Gessler, 2012). 
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The ‘Malus platycarpa’ x ‘Mildew Resistant’ mapping population did not differ significantly 
from the segregation ratio 3:1 (R:S) in its progeny for the two seasons. Season one had a χ2 
(3:1) = 3.88 with a p-value = 0.0489 and season two had a χ2 (3:1) = 0.42 and a p-value = 
0.5169 (Table 3.2). The distribution was non-bimodal indicating that several dominant genes or 
QTLs were influencing the resistance being observed. The distribution was characterised by 
having progeny accumulating at the extreme ends of the curve as shown in Figure 3.1. This 
mapping population exhibited a 3:1 segregation for both seasons for major genes or QTLs from 
both parents segregating for the apple scab resistance. 
 
The ‘Russian Seedling’ x ‘Golden Delicious’ mapping population had a 3:1 ratio (R:S) for both 
seasons, which would indicate that both parents were heterozygous or one of the parents was 
carrying multiple R-genes. Both seasons had high chi-square values of χ2  = 43.77 and χ2 = 
40.95 for season one and two respectively. Both seasons had p-values of p = 0.0001 for the 1:1 
segregation with p > 0.05. Therefore, either both parents were contributing to the resistance or 
several genes from one parent were contributing towards the observed resistance. 
 
3.3.3 Powdery Mildew 
Compared to scab resistance, powdery mildew resistance is very difficult to evaluate, due to the 
fact that infections vary substantially and partly because seedlings react differently according to 
age. An in house scoring system for this research was developed. The scoring classes 0 and 1 
were regarded to contain the resistant individuals and the classes 2-5 were considered to be the 
susceptible individuals. 
 
The ‘Russian Seedling’ x ‘Golden Delicious’ mapping population is the only cross that 
presented a 1:1 segregation ratio with a χ2 = 1.99 and χ2 = 0.29 for seasons one and two 
respectively. With p - values = 0.1583 and 0.5902 for seasons one and two respectively, at a 
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significance level of p > 0.05. This presented a bimodal phenotypic segregation pattern 
associated with the presence of a major gene. This means the observed segregation was in line 
with the expected Mendelian ratio for the segregation of a single dominant gene for powdery 
mildew resistance. 
 
With the ‘Mildew Resistant’ x ‘Golden Delicious’ mapping population a 3:1 segregation ratio 
was observed. This was observed for the two seasons under investigation implying that the 
parents were heterozygous for the resistance of powdery mildew. The chi-square values (χ1:1) 
for the two seasons were significantly high χ2 = 31.56 and χ2 = 33.99 respectively, with a p-
values of 0.0001 at confidence level of p > 0.05 for both seasons. Therefore this population 
might have several genes contributing towards the QTLs observed for the resistance. 
 
The ‘Malus platycarpa’ x ‘Mildew Resistant’ mapping population also exhibited very high chi-
square values (χ1:1) for both seasons χ2 = 52.54 and χ2 = 76.41 for season one and two 
respectively. This was in line with observed phenotypic segregation ratios of 3:1. Therefore 
multiple loci were contributing towards the resistance to scab, which was being observed. 
 
3.3.4 Woolly Apple Aphid 
Only apical scoring of woolly apple aphid was carried out since all the seedlings were placed on 
rootstocks as stated in section 2.3. WAA infestation was assessed 3-4 months after initial 
inoculation using the five point system described in section 2. In order to detect putative QTLs 
plants classified as 0 and 1 were considered to be resistant and those scoring 2-4 to be 
susceptible. A chi-square test was applied to the segregation ratios in order to determine if the 
resistance being observed was due to a major resistance gene. All the three mapping populations 
had significantly high chi-square values (χ1:1): ‘Russian Seedling’ x ‘Golden Delicious’ (χ2 = 
62.69) had the highest followed by the ‘Mildew Resistant’ x ‘Golden Delicious’ mapping 
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population with χ2 = 22.75 and the ‘Malus platycarpa’ x ‘Mildew Resistant’ had the least value 
(χ2 = 22). This was an indication that the resistances being observed were multiloci and not due 
to a single dominant gene in all three mapping populations.  
 
3.4 Summary 
Due to the need for high quality phenotypic data, a correlation analysis was performed so as to 
identify the consistency in the scoring method in between the two seasons for apple scab and 
powdery mildew resistance. The correlation coefficients were all positive indicating that the 
scoring was consistent. The various ways in which data for apple scab, powdery mildew and 
WAA resistance was analysed allowed for the partial determination on whether single major 
genes (Qualitative) or several genes (quantitative) resistance was being observed within the 
three mapping populations. The ‘Mildew Resistant’ x ‘Golden Delicious’ mapping population 
segregated for a single major gene resistance for apple scab resistance and the Russian seedling’ 
x ‘Golden Delicious’ also segregated for a major gene for powdery mildew resistance. 
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Chapter 4: Marker Implementation and Segregation Analysis 
4.1 Introduction 
Due to the development of a large number of marker systems such as SSRs, SNPs and DArTs in 
Malus, genetic linkage maps with high marker densities have been published (Antanaviciute et 
al., 2012). These markers have been primarily developed from genomic sequence data. 
However, the only paper to combine any of these recent technologies has only utilised SSRs and 
SNPs in the development of a genetic linkage on a rootstock cross (Antanaviciute et al., 2012).  
 
With the advent of molecular markers, linkage maps have became the fundamental tool in many 
genetic studies. The advances that have been witnessed in molecular technology have enabled 
the development of a wider and greater number of genetic makers. The two key components to 
consider when developing a genetic linkage map are the number and type of markers to be used 
(Ball et al., 2010). Deciding on which marker system to employ for genetic map development is 
based on three traits of the markers system these being (1) the markers have to be polymorphic, 
(2) have to be evenly spread throughout the entire genome being investigated and lastly have to 
be easy to score therefore minimizing genotyping error rates (Ball et al., 2010).  
 
Due to these considerations several marker systems have become the markers of choice for 
Malus genetic maps. With the majority of genetic maps published being SSR based (Liebhard, 
Koller, Gianfranceschi, et al., 2003) and (Silfverberg-Dilworth et al., 2006). SSRs have been 
used extensively to build apple genetic maps due to the fact that they span the entire genome. 
However, these maps had large gaps between SSRs (Van Dyk et al., 2010). Prior to the 
publishing of the apple genome, researchers required a marker system that was fast, reliable, 
cost effective and most importantly one, which did not require prior knowledge of the genome 
to help saturate the SSR based maps. DArTs provided this marker system, which was high 
throughput, whole genome genotyping and provided hundreds of polymorphic molecular 
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markers (Henk J. Schouten et al., 2012). However, with the publication of the apple genome 
(Riccardo Velasco et al., 2010), SNPs were identified using the genome sequence and 27 re-
sequenced Malus species (David Chagné, Crowhurst, et al., 2012). The 27 re-sequenced Malus 
species were used for the genome wide discovery of SNPs in order to take advantage of the 
Illumina Infinium® II system to develop a high throughput genotyping platform. The 
availability of SNPs on the Illumina Infinium® II system made it possible to simultaneously 
genotype thousands of SNP markers and provide a rapid way to genetically characterise Malus 
species genomes. This has given apple researchers a tool to develop saturated genetic linkage 
maps that will be able to realistically track traits agronomic importance (Michela Troggio et al., 
2013). 
 
This chapter will provide a layout from the extraction of DNA to the segregation analysis of the 
three markers system (SSRs, DArTs and SNPs). The development of multiplexes and eventually 
megaplexes for the analysis of SSRs is also described in detail. Hence, this work will provide 
the groundwork for the construction of the dense genetic maps as per the objectives of this 
project. 
 
4.2 Genomic DNA extraction 
Total genomic DNA was successfully extracted for the three populations ‘Mildew Resistant’ x 
‘Golden Delicious’ (MRxGD), ‘Russian Seedling’ x Golden Delicious’ (RSxGD) and Malus 
platycarpa x ‘Mildew Resistant’ (MPxMR). DNA extractions were performed using the 2X 
CTAB method (section 2.4.1). Figure 4.1 is a 1% agarose gel image showing parental genomic 
DNA isolations.  The dense gDNA is seen as the bright bands that are above the bright 1.2kb 
molecular marker meaning the gDNA was intact and had not sheared during the extraction 
process. Since the gDNA was treated for RNA relatively very small smearing was observed on 
the 1% agarose gel.  
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Figure 4.1: A 1% agarose gel resolution of genomic DNA extracted from the three populations.  
Lanes 1-4, ‘Russian Seedling’, ‘Mildew Resistant’, Malus platycarpa and ‘Golden Delicious’. Lanes 5-7, 
MPxMR seedlings 4, 5 and 6. Lane 8 has a 1.2kb pTZ DNA molecular weight maker. 
 
4.3 Markers Design and Implementation 
4.3.1 SSR markers design  
The SSRs used in this study were designed and synthesized from two major sources. The first 
major source was from published (Malus x domestica) maps (Guilford & R., 1997); (Liebhard, 
Koller, Gianfranceschi, et al., 2003); (Van Dyk et al., 2010); (Silfverberg-Dilworth et al., 2006) 
and; (Yamamoto et al., 2004). Of particular importance is the fact that some of these primers 
were pig-tailed, so as to increase their PCR efficiency. ‘Pig-tailing’ is characterized by the 
addition of a different number of nucleotides to the 5′ end of the reverse primer; so that the 
GTTT sequence is obtained (Brownstein, Carpten, & Smith, 1996). The second source was in-
silico design from publicly available apple EST data sets in the Malus assembly v3 (Newcomb 
et al., 2006) (Han, Gasic, Marron, Beever, & Korban, 2007). This was mined for SSR sequences 
using Tandem Repeats Finder (TRF) (Benson, 1999) (Gelfand, Rodriguez, & Benson, 2006). 
The primers were designed around the regions containing a copy number of at least 10 di-, tri-, 
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tetra-, penta- or hexa-nucleotide SSRs, in order to be able to detect genetic variation within a 
mapping population. The minimum length of the sequence flanking the SSR repeat (first and 
last index) was set at 20 bp to allow enough sequence for primer design. A 90% sequence match 
was used as a minimum criterion for inclusion to reduce the number of erroneous sequences 
from single base changes either through substitutions or in-dels in the SSR sequence. 
 
As a general rule, all primers were designed to give a melting temperature (Tm) of 60°C and 40-
60% GC content. The reason for a standard (Tm) of 60°C was to increase the capacity for 
multiplexing and eventually megaplexing, as described in section 2.4.5, using the same PCR 
conditions. All the primers were designed to generate PCR products of between 100 and 450 bp 
which is within the dynamic range of the Genescan® 500 (-250) LIZ™ (Applied Biosystems, 
Foster City, CA, USA) size standard. Every primer was designed using a set of rules that would 
increase the probability of making highly efficient primers for PCR. Firstly, the primer had to 
be between 18 and 30 bases long. Secondly, the primer sequence needed to be free of long tracts 
of A or T bases, as these would result in poor priming in PCR as a result of the formation of 
weak bonds of the primer with its target sequence (Sharma, Grover, & Kahl, 2007). Lastly, the 
primer sequence had to end and begin in a GC, GG or CC to ensure strong bonds when the 
primer binds to its target sequence in PCR. Care was also taken to avoid any internal sequence 
complementarity between the primer’s 3′ and 5′ ends and any neighbouring bases. The main 
reason for this was to avoid the formation of secondary stem-loop structures within the primer 
that would block the primer from binding and amplifying its target sequence. Primer 
dimerization was also avoided by preventing sequence complementarity between the forward 
and reverse primers.   
 
Finally, the primer closest to the SSR repeat was fluorescently labeled using any one of the 
following dyes; 6-FAM (blue), NED (yellow), PET (red) and VIC (green) (Applied Biosystems, 
Foster City, CA, USA). Using FileMaker Pro® 8.5v1, all the primer information was then 
 
 
 
 
 Page  
 
124 
indexed and captured in a searchable database. 
 
4.3.1.1 SSR marker optimization 
PCR amplification using a total of 441 oligonucleotide primers was screened on the parents of 
the three mapping populations. Of these a total of 235 showed polymorphism among the four 
parents. Initially all the primers were tested on the genomic DNA extracted from parental 
cultivars using a touchdown PCR with gradient (Figure 4.2.). Figure 4.2 shows PCR 
amplification products from published SSR primer CH04e03, using the conditions outlined in 
section 2.4.4. The PCR products were then electrophoresed on a 6% polyacrylamide gel 
(PAGE) after they had been denatured in formamide (section 2.4.6). After this stage the markers 
that produced polymorphic amplification products were then sorted into multiplexes (section 
2.5.4). Multiplexes that were successful were then sorted into megaplexes of 16 primer sets. 
 
 
Figure 4.2: 6% PAGE showing polymorphism revealed by primer CH04e03 in nine apple parents.   
Lane 1: pTZ molecular weight marker, Lanes 2-10 ‘Austin’,  ‘Anna’, ‘Golden Delicious’, ‘Priscilla’, Malus 
floribunda, ‘Sharpe’s Early’, ‘Braeburn’, ‘Cox’s Orange Pippin’, ‘Mildew Resistant’,  ‘Prima’ and ‘Lady 
Williams’. 
 
4.3.1.2 SSR Marker Multiplexing 
After the initial phase of primer testing as shown by SSR marker CH04e03 in Figure 4.2, the 
successful primers were then grouped into multiplexes according to the expected amplification  83 
shown in Table B, Appendix 1 (the 98 SSR primer pairs developed in this thesis 
numbered 592 - 763 and 834. 836 - 870 and have the bold and italicized prefix “SAms”). 
 
3.5 Simplex PCR primer testing 
Once designed, primers were tested on DNA extracted from parental cultivars using 
touchdown PCR with gradient, using the conditions mentioned in section 2.8. Shown 
below in Fig. 12 is the polymorphic PCR amplification products for published primer 
CH04e03 and genomic DNA from a selected set of parental cultivars. The PCR 
amplicons generated were electrophoresed on a 6 % polyacrylamide gel after they were 
denatured in formamide. Primers that produced amplicons in this stage were carried on to 
the multiplexing stage. 
 
 
 
Figure 12: A 6 % silver stained polyacrylamide gel of PCR amplicons derived form 
parental cultivar DNA and arker CH04e03.  
 
Lane 1: pTZ molecular weight marker, Lane 2: ‘Elegant’, Lane 3: ‘Priscilla’, Lane 4: 
‘Dietrich’ Lane 5: ‘Jonathan’, Lane 6: ‘Malus floribunda’, Lane 7: ‘Liberty’, Lane 8: 
‘Resista’, Lane 9: ‘Prima’ and Lane 10: ‘Lady Williams’. 
220 bp 
185 bp 
175 bp 
 
 
120 bp 
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product size. An example of four primer sets SAmsCN580620, SAmsCV627191, CH03d08 and 
CH04e03 used in constructing a multiplex in Figure 4.3 and were then visualized using a silver 
stained 6% PAGE gel as specified in section 2.4.6. This multiplex also included primer 
CH04e03, which was used in the primer-testing phase described in section 4.2.1.1 (Figure 4.2).  
 
Figure 4.3: 6% PAGE of a multiplex screened on four parents.  
Lane 1: pTZ molecular weight marker. Lanes 2-5: ‘Golden Hornet’, ‘Russian Seedling’, ‘Prima’ and ‘Lady 
Williams’ 
 
4.3.1.3 SSR Marker Megaplex  
PCR multiplexes (section 2.4.4 and 2.4.5) were then pooled together into megaplexes (section 
2.4.5). Thermal amplification was then performed using a standard PCR protocol as described 
in section 2.4.4. Due to the complex nature and resolution of a 6% PAGE, the megaplex 
products were visualised using capillary electrophoresis on the ABI 3130xl Genetic analyser 
(Applied Biosystems®) (section 2.4.7). The amplification products were electrophoresed 
against a commercial 5-dye standard GeneScanTM LIZ-500 (Applied Biosystems®) and the 
alleles were analysed using GeneMapper® software (Applied Biosystems®) Figure 4.4. Data in 
GeneMapper® software (Applied Biosystems®) is represented both graphically and in tabular 
form Figure 4.4, with the table listing the SSR markers used in the megaplex as this added in the 
visualization and calling of heterozygous or homozygous alleles. The JoinMap code assigned to 
 84 
3.6 Multiplex and Megaplex PCR development  
3.6.1 Polyacrylamide gel electrophoresis based detection 
Once primers had passed the simplex PCR testing phase they were grouped according to 
expected amplicon size and fluorescent dye colour as described in section 2.9. An 
example of a set of four primers that were employed in constructing a multiplex are 
shown in Fig. 13 below, where DNA from four apple cultivars was run with markers 
SAmsCN580620, SAmsCV6277191, CH04e03 and CH03d08. They were visualized 
using the silver stained gel electrophoresis as specified in section 2.10. Primers that were 
tested and could be successfully multiplexed were then used in megaplex PCR.  
 
 
 
Figure 13: A 6 % silver stained PAGE of a four-primer PCR multiplex run for DNA 
from four apple cultivars. Lane 1: pTZ molecular weight marker, Lane 2: ‘Golden 
Hornet’, Lane 3: ‘Russian Seedling’; Lane 4: ‘Prima’, Lane 5: ‘Lady Williams’. 
 
Because of the complex nature of the PCR amplicon visualization on a polyacrylamide 
gel, the megaplex PCR (employing 12 to 16 primer pairs) products were visualized using 
capillary electrophoresis on the ABI 3130xl Genetic Analyzer. 
 
SAmsCN580620 
SAmsCV627191 
 
 
CH04e03 
 
CH03d08 
 
 
220 bp 
185 bp 
175 bp 
 
120 bp 
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each marker is also indicated. 
 
 
Figure 4.4: Electropherogram obtained after amplification of ‘Mildew Resistant’ DNA with 
megaplex 14a.  
Megaplex 14a also had SSR primers SAmsCN580620, SAmsCV627191, CH03d08 and CH04e03 that were used 
for the multiplex testing in Figure 4.3. This was obtained from GeneMapper® 4.0.  
 
4.3.1.4 Allele sizing calling 
Capillary electrophoresis was carried out on PCR fragments generated from the megaplexes. 
The results were analysed and visualised as electropherograms using GeneMapper® 4.0 
(Applied Biosystems®) (Figure 4.5). 
 
 Allele sizes for each of the four parents were determined in order to assign JoinMap® codes to 
each genotype of the progeny. A total of 128 markers were found to be polymorphic for 
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‘Russian Seedling’ x ‘Golden Delicious’, 83 for Malus platycarpa x ‘Mildew Resistant’ and 81 
for ‘Mildew Resistant’ x ‘Golden Delicious’. All markers showing segregation distortion were 
initially included in the analysis and were only excluded if they affected the order of other 
markers.  
 
 
Figure 4.5: An Electropherogram after amplification of ‘Mildew Resistant’ and ‘Golden Delicious’ 
DNA analysed with GeneMapper® 4.0.  
The genotypes shown in Figure 4.5 are ‘ab’ and ‘cd’ for ‘Mildew Resistant’ and ‘Golden Delicious’, 
respectively. 
 
4.3.2 DArTs 
The marker names are shown with the ‘aPa-‘ prefix. The Malus platycarpa x ‘Mildew 
Resistant’ population generated 724 DArTs, with the ‘Mildew Resistant’ x ‘Golden Delicious’ 
population having 559 and the ‘Russian Seedling’ x ‘Golden Delicious’ mapping population 
generating 790 DArTs (Table 4.1). The markers were converted to JoinMap® format from their 
raw form as in Figure 4.6. This conversion was carried out according to the ratio of 
hybridisation (1) and non-hybridisation (0) in the entire population. This was done for all three 
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populations and in accordance with the methodology described in section 2.4.9. 
 
Figure 4.6: A snapshot of the converted DArT markers.  
The markers have been converted to JoinMap code by the use of segregation ratios being observed for each 
marker. 
 
Table 4.1 shows the number of DArT markers, which were polymorphic for each cross. A total 
of 544, 434 and 618 DArTs were polymorphic for Malus platycarpa, ‘Mildew Resistant’, 
Mildew Resistant’ x ‘Golden Delicious’ and ‘Russian Seedling’ x ‘Golden Delicious’ mapping 
population respectively (Table 4.1) It also gives a breakdown of how many markers were 
successfully scored for each possible genotype as described in section 2.4.9. 
Table 4.1: DArT markers that were generated and converted to JoinMap codes for mapping. 
 
Crosses A Generated B Scored np hk lm 
MPxMR 724 544 148 272 124 
MRxGD 559 434 187 177 70 
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RSxGD 790 618 287 255 76 
A refers to the number of unprocessed DArTs that were generated from the process 
B DArTs that were polymorphic and were converted to JoinMap codes  
 
As indicated in Table 4.1 above, the number of DArTs segregating for the non-Malus x 
domestica derived parents (Malus platycarpa, ‘Mildew Resistant’ and ‘Russian Seedling’) ‘lm’ 
is very low as compared to markers segregating for ‘np’ (‘Golden Delicious’). With only 23%, 
16% and 12% of the scored markers having segregated for these non-Malus x domestica derived 
parents Malus platycarpa, ‘Mildew Resistant’ and ‘Russian Seedling’ respectively. Whilst the 
DArTs that segregated exclusively for ‘Golden Delicious’ were a very high percentage as 
shown by 43% and 46% with respect to the crosses ‘Mildew Resistant’ x ‘Golden Delicious’ 
and ‘Russian Seedling’ x ‘Golden Delicious’. This high percentage of markers segregating for 
‘Golden Delicious’ was observed throughout the entire project even with the other marker 
systems.  
 
4.3.3 SNPs 
All SNP calling was done using GenomeStudio (Illumina.inc, 2012). A GenCall or otherwise 
referred to as the no call threshold was set at 0.15 for all the three populations. The GenCall 
threshold is set to obtain the highest genotyping accuracy by setting the cutoff threshold for no 
calls. The GenCall is a quality metrics that will decrease in value if the particular sample is 
further from the center of the scoring cluster. This matric ranges between 0 and 1 (Illumina.inc). 
In this study it meant that any samples that had a GenCall score of less than 0.15 were not 
automatically assigned any particular genotype. However, visual inspections off all the no calls 
was performed in order to manually re-cluster and call for genotypes mis-called due to the 
differences in the cluster file used and the germplasm under investigation. Table 4.2 illustrates a 
breakdown of the marker distribution within the three populations. The total indicated in Table 
4.2 represents the total number of heterozygous SNPs scored for that particular population. The 
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SNP chip contained 8788 SNPs from both Prunus (921) and Malus (7867), which were all 
screened on the three populations. Only the Malus based SNPs were included in the final map 
building exercise. 36%, 38% and 31% of the 7867 Malus SNPs worked for ‘Mildew Resistant’ 
x ‘Golden Delicious’, Malus platycarpa x ‘Mildew Resistant’ and ‘Russian Seedling’ x ‘Golden 
Delicious’ mapping populations respectively. 
 
Table 4.2: SNPs with assigned genotypes and converted to JoinMap codes. 
 
Cross A Parental Genotypes  B Heterozygous (hk) Total 
MRxGD GD 984 MR 1270  581 2835 
MPxMR MR 1078 MP 875  1078 3029 
RSxGD GD 1340 RS 867  303 2510 
A this represents the markers that were generated and were segregating for the single parent 
B these are the SNPs that were heterozygous for both parents (hk) 
 
After re-clustering the markers, any markers showing a GenTrain score below 0.35 were 
excluded from analysis. Table 4.3 shows the range of GenTrain scores and Cluster separation. 
Segregating SNP data, which was not supported by the parental genotypes, was also excluded. 
Sub-clustering was also observed within all three populations (Figure 4.7).  The number of 
markers assigned the ‘hk’ code as they were heterozygous for both parents, was very low except 
for the Malus platycarpa x ‘Mildew Resistant’ population, which was 36% as compared to 
‘Russian Seedling’ x ‘Golden Delicious’ and ‘Mildew Resistant’ x ‘Golden Delicious’ which 
were, 12% and 20%, respectively. Figure 4.8 shows the GenomeStudio output of an AB x AB 
call that was converted to the JoinMap® code hk x hk for the ‘Russian Seedling’ x ‘Golden 
Delicious’ population. 
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Table 4.3: GenTrain, Cluster separation and Call rate ranges. 
 
 GenTrain Score Cluster Separation Call Rate 
MRxGD 0.0993-0.9276 0.006-1 0.5761-0.8486 
MPxMR 0.0993-0.9265 0.006-1 0.5973-0.8480 
RSxGD 0.0993-0.9275 0.004-1 0.7295-0.8474 
These scores are used to rank and filter out failed genotypes from the BeeadChip. Any CallRate 
below 0.2 was re-analysed and all calls above 0.7 were considered to be good genotyping calls.  
 
 
Figure 4.7: Sub-clustering in the ‘Russian Seedling’ x ‘Golden Delicious’ cross.  
The individuals highlighted in yellow are the parents, which were in duplicates in this experiment. The 
Normalised Theta (Norm Theta) represents the spectrum from red to green of the SNP. The Normalised R is 
the relative intensity of the spectrum. 
 
Sub-clustering was composed of small clusters and individual genotypes that did not cluster 
tightly or clustered to the unexpected region of the graph space as described in section 2.4.11. 
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This led to a situation with cluster patterns at loci that were unsuitable for genotypic analysis. 
As a result, due to the inability to correctly assign these sub-clusters, it was not possible to 
determine the heterozygosity status of the parents in these SNPs. Therefore, assigning a clear 
genotype to these loci proved to be difficult. These loci were not considered for any further 
analysis either in JoinMap® 4.1 or MapQTL® 6.0. 
 
 
Figure 4.8: GenomeStudio output showing heterozygous parents in yellow (‘Russian Seedling’ x 
‘Golden Delicious’).  
The parents were scored for the ‘hk’ (purple) segregation since they were both heterozygous. The progeny in 
red was scored for ‘hh’ and the ones in blue were scored for ‘kk’. 
 
The number Loci exhibiting polymorphism for either one of the parents was high for ‘Mildew 
Resistant’ and ‘Golden Delicious’ as shown in Figure 4.9 and Figure 4.10 and Table 4.2. Whilst 
‘Russian Seedling’ and Malus platycarpa had 34% and 28%, respectively, of the markers were 
scored as being polymorphic in their respective populations. 
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A   B  
Figure 4.9: A) polymorphic SNP for ‘Russian Seedling’. B) A SNP exhibiting polymorphism for 
‘Golden Delicious’, which is highlighted in blue in the samples table.  
(A) The SNP is highlighted in blue in the samples table. ‘Russian Seedling’ was scored for ‘lm’ and is 
highlighted in yellow in the graph. The progeny highlighted in red were scored as ‘ll’. (B) Golden Delicious’ 
was scored for ‘np’ and is highlighted in yellow in the graph. The progeny highlighted in blue in the graph 
were scored as ‘nn’. 
 
4.4 Genotypic Data Discussion 
4.4.1 Genomic DNA Extraction 
The CTAB method of DNA extraction (Doyle, 1987) was employed to successfully extract 
genomic DNA for the three mapping populations (Figure 4.1). Samples were also observed to 
be absent of polyphenolic compounds and polysaccharide residues. Their presence would have 
been observed on the agarose gel as high molecular weight smear near the gel wells after 
electrophoresis. This was due to the inclusion of polyphenolic-binding compound poly(1-
vinylpyrrolidone-2) (PVP) in the CTAB (Porebski, Bailey, & Baum, 1997). The DNA was re-
suspended in 1X TE solution at pH 7.5. TE has enhanced buffering and chelating capacity, 
which will slow down the activity of DNases thereby slowing down the DNA degradation 
process. This buffering activity of TE is attributed to the Tris component. The chelating of Mg2+ 
ions, which are required by DNases to catalyse DNA degradation is due to the EDTA in the TE 
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solution. 
 
4.4.2: Simplex PCR primer testing 
The Apple genomics group (Agricultural Research Council, South Africa) designed and 
developed 268 new fluorescently labeled primers. Using the conditions specified in section 
2.4.4 these primers were tested for PCR and electrophoresis on 6% polyacrylamide gels and 
detected by silver staining (Figure 4.2). This was to identify polymorphic primers and to design 
multiplexes that were eventually combined with the published markers to generate the 
megaplexes. 
 
4.4.3 Megaplexing 
A megaplexing strategy was used for the SSR genotyping component. The main advantage of 
this method is that a large number of SSR markers can be analysed in one experiment (de Bang, 
Raji, & Ingelbrecht, 2011). The major issue that leads to the success of megaplexing is the 
recognition of factors that influence and regulate good amplification product yield. These 
factors include primer sequence to avoid primer dimerization and the correct concentrations of 
MgCl2 and dNTPs (Markoulatos, Siafakas, & Moncany, 2002). 
 
18 megaplexes were used for the three mapping populations and this represented a total of 292 
primer pairs. Megaplexes employed utilized up to 16 primer pairs per PCR reaction, section 
2.4.5, with the use of the Qiagen® Multiplex kit. Megaplexing is an efficient way to reduce 
PCR costs when using SSR markers for the construction of genetic linkage maps. This strategy 
depends on the principle that primers should have a relatively similar annealing temperature and 
the primer sequences should not have significant regions of complementarity (J. M. Butler, 
Devaney, Marino, & Vallone, 2001), which would lead to the formation of primer-dimers, 
which is a result of primers binding to each other rather than to template DNA. The creation of 
a megaplex also takes advantage of the observed differences in size range of PCR products for 
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every primer, coupled with the use of the 5-dye fluorescent system (LIZ system) compatible 
with the ABI Genetic Analyser® 3130xl (Applied Biosystems®). A low success of the SSRs 
was due to both low amplification rates and the presence of monomorphic SSR markers. The 
low rate of amplification with the SSRs, is shown by the rate being 27.7%, 30% and 44% of 
primers resulting in amplification for ‘Malus platycarpa’ x ‘Mildew Resistant’, ‘Mildew 
Resistant’ x ‘Golden Delicious’ and ‘Russian Seedling’ x Golden Delicious’ respectively.  
 
The low rate of amplification in the megaplexes may be explained by the fact that some of the 
primer pairs may have complementary sequences leading to primer-dimers. Stereo chemical 
interference between primers is increased between primers as they are increased in a PCR 
reaction, as they may compete for resources in the PCR. Poor primer design and sequence 
quality may lead to other primer pairs being preferentially amplified to the extent that the more 
efficient ones restrict amplification of others (Caetano-Anollés, Bassam, & Gresshoff, 1992). 
One of the more possibility which has been recently put forward, is that there are regions on the 
eukaryotic genome, which do not enjoy as high a rate of PCR ability as others due to inherent 
sequence characteristics, and therefore amplify poorly in PCR (Baker, 2010).  
 
Baker, (2010) also proposes that this preferential amplification of certain genomic regions may 
also be because of the three dimensional arrangement of the DNA in the formation of secondary 
helical structures by complementary segments of DNA. This may limit access of Taq DNA 
polymerase to these areas. Since most of the SSRs were developed from predominantly M. 
domestica ESTs, which were available at the time, rate of transferability is also varied 
depending with the cultivar and/ species that is used for the SSR amplification experiment. In 
rice and wheat, EST derived SSR markers have been reported to have a very low rate of 
polymorphism as compared to genome library derived SSRs (D. Chagné et al., 2004). Since 
three of the parents (‘Russian Seedling’, ‘Mildew Resistant’ and ‘Malus platycarpa’) used in 
this project were not Malus x domestica this could have led to the low rate of SSR 
 
 
 
 
 Page  
 
136 
transferability to these populations. The rate of transfer of genomic SSRs from cultivar to 
species is poor in complex genomes, which result in a large number of SSRs having high 
amplification failure rates, non-specific amplification or even non-amplification (D. Chagné et 
al., 2004). Also the more distinct the species is from the original genome from which the SSRs 
were developed, the poorer the rate of transferability will be (Scott et al., 2000).  The rate of 
transferability of molecular markers including SSRs is highly dependent on the phylogenetic 
distance between species and this was demonstrated in the Pinus genus (Chagné et al., 2004.  
 
However, despite all these shortcomings, it is important to note that megaplex PCR has a 
distinct advantage when coupled with high throughput capillary electrophoresis, as this can 
drive high throughput molecular marker system, generating reproducible markers. This is very 
essential for genotyping and the generation of reliable genetic maps for important species. 
 
4.4.4 SSR analysis 
Due to the presence of length variants in individuals resulting from the inefficiency of the 
replication mechanism simple sequence repeat markers are formed throughout the genome. 
These markers in conjunction with PCR enable the detection of these length variations (Powell, 
Machray, & Provan, 1996). These variations can be viewed using PAGE and capillary 
electrophoresis for megaplexes. PAGE is sufficient to distinguish between allelic variations of a 
marker, which are at least 2 base pairs apart in size (Chrambach & Rodbard, 1971). Also due to 
the high cost of running capillary electrophoresis, all the amplification products were checked 
by polyacrylamide gel electrophoresis (PAGE) and then by automated capillary electrophoresis. 
In the case of a singleplex it is easy to distinguish the two alleles in the parental PCR (Figure 
4.5), therefore this is easy to score. However, when a multiplex PCR is performed (Figure 4.4), 
the PCR products are much more difficult to score because of the complex mixture of the PCR 
products were the contribution of each primer pair is more difficult to distinguish. Also taking 
into account that these are just four primer pairs, the task would be extremely difficult to score 
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megaplexes of up 16 primer pairs using such a medium as a gel. This limitation was overcome 
through the use of capillary electrophoresis, on the ABI 3130xl Genetic Analyzer (Figure 4.4). 
 
Capillary electrophoresis has been demonstrated to be a superior method for genotyping as 
shown by a vast number of publications (Campoy, Martínez-Gómez, Ruiz, Rees, & Celton, 
2010; Celton et al., 2009; Van Dyk et al., 2010) therefore capillary electrophoresis was used to 
detect the alleles of SSR markers produced. This method resulted in superior resolution 
compared to a 6% PAGE. The advantage of capillary electrophoresis is that it can identify 
differences even at the one or two base pair level, unlike a 6% PAGE. The semi-automation and 
the ability of the capillary electrophoresis to use the 5-dye system (LIZ®) detection system 
makes the system capable of detecting PCR amplification products with overlapping size 
ranges, provided that they are labeled by different dyes. The software used for the handling of 
the data (GeneMapper® 4.0) makes the handling of such a high number of markers easier to 
manage. 
 
4.4.5 DArT analysis 
DArT markers were successfully implemented on all three mapping populations ‘Malus 
platycarpa’ x ‘Mildew Resistant’, ‘Russian Seedling’ x ‘Golden Delicious’ and ‘Mildew 
Resistant’ x ‘Golden Delicious’. Although dominant, DArT markers are useful in increasing 
marker density and map coverage. DArT markers were useful in the development of maps as 
they were able to resolve proximal and distal regions of linkage groups evidenced by a large 
proportion of the DArTs mapping to the distal region of the linkage groups  
 
Of the 724 DArTs generated for the ‘Malus platycarpa’ x ‘Mildew Resistant’ mapping 
population 544 (75%) were scored and 272 (50% of polymorphic DArTs) of these were 
heterozygous (hk x hk) for both parents. Due to the nature of DArTs, a lot of segregation 
distortion was identified within the ‘hk’ genotype. Segregation distortion is when the observed 
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segregation ratio differs significantly from the expected Mendelian ratio for that genotypic 
class. In the case of both parents being ‘hk’, the expect segregation ratio would be 1:2:1 
(hh:hk:kk) or 3:1 (hh+hk:kk) and 1:3 (hh:hk+kk) in the extreme cases.  This was present in all 
three mapping populations. Such markers were excluded from further analysis once the 
distortion was identified and persisted after converting to the 3:1 or 1:3 ratio in JoinMap® 4.1. 
Such markers would distort the map if used.  These distorted markers might have been a result 
of inefficient hybridisation or complete failure of the test DNA to hybridize onto the 
hybridisation array resulting in false negatives, which would result in the skewed segregation 
ratios.   
 
The ‘Russian Seedling’ x ‘Golden Delicious’ mapping population had the highest number of 
DArTs generated with 790 markers. 618 (78%) DArTs were scored with 255 (41%) being 
heterozygous for both parents. This population also had the lowest number of markers scored 
for one of the parents (‘Russian Seedling’). With only 76 (12%) markers being scored for 
‘Russian Seedling’. This presented challenges during map construction as most of the DArTs 
contributing to the integrated map were coming from ‘Golden Delicious’ only. Since only 76 
markers segregated for ‘Russian Seedling’ it could be due to the fact that ‘Russian Seedling’ is 
phylogenetically distant from the genotypes which were used to develop the initial panel of 
DArT probes. 
 
Out of 559 markers generated for the ‘Mildew Resistant’ x ‘Golden Delicious’ mapping 
population 434 (77%) were successfully were polymorphic. The number of heterozygous 
DArTs generated was also high 177 (40%) of the scored markers, with 113 of the heterozygous 
markers being used in the map construction. DArT markers generated were then used for the 
construction of integrated maps for all of the three mapping populations. 
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4.4.6 SNP analysis 
SNP analysis was carried out using the apple Infinium SNP chip as (section 2.4.10).  Of the 
7867 Malus SNP markers contained on the array 3029 (38%), 2510 (31%) and 2835 (36%) were 
polymorphic for ‘Malus platycarpa’ x ‘Mildew Resistant’, ‘Russian Seedling’ x ‘Golden 
Delicious’ and ‘Mildew Resistant’ x ‘Golden Delicious’ respectively and were therefore 
converted to JoinMap codes. The percentage of heterozygous Mulas SNPs for all three mapping 
populations was lower than the TSNP value range (51.4%-54%) reported for the transferability of 
‘Golden Delicious’ SNPs to ‘Golden Delicious’ based maps (Micheletti et al., 2011).  
 
The individual parents ‘Malus platycarpa’ and ‘Russian Seedling’ with 875 (28%) and 867 
(30%) from the polymorphic markers from each family had a lower TSNP as compared to the TSNP 
for the integrated family. These low TSNP fall within the range that Micheletti, et al. (2011) 
calculated for phylogenetically distant species from ‘Golden Delicious’ such as Malus sieversii 
and Malus sylvestris, with TSNP averages of 26.7% and 26.6%, respectively. This low TSNP 
percentage for the more genetically distant species is probably due to the higher frequency of 
additional unknown SNPs or indels around the target SNP, which can prevent the chemistry of 
the array from carrying out a proper amplification (Micheletti et al., 2011). The efficiency of 
genotyping arrays at such low TSNP rate could have an effect on the calling of the SNPs and 
biased by factors such as, the non-homogenous distribution of markers on the chromosome, the 
presence of large chromosome rearrangements and the disrupting effects of DNA 
polymorphisms near the locus targeted by the SNP assay. 
 
4.4.6.1 GenomeStudio genotype calling 
Cluster files are usually generated for a set of SNPs generated from a species (Figures 4.7, 4.8 
and 4.9). These cluster files identify the expected intensity levels of genotype classes for each 
SNP. For the Malus SNP chip the cluster files were largely generated from Malus x domestica 
related genotypes. This led to low cluster separation calls in this study, as three of the four 
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parents were Malus species other than Malus x domestica.  
 
Low cluster separation calls were seen in all three populations and upon closer inspection it 
revealed that data were grouped into more than one sub-cluster or had not clustered properly. 
Sub-clusters are most likely caused by the probes detecting more than one locus. One locus may 
contain a SNP or an indel. This meant that all the SNPs had to be visually inspected and re-
clustered. The re-clustering of some SNPs optimized the ability of GenomeStudio to call most 
of the initially sub-clustered genotypes.  This could also be caused by the detection of more than 
one allele containing SNPs within the probe sequence leading to non-uniform clustering (Pindo 
et al., 2008). Due to the use of phylogenetically distant parents this occurrence could have been 
amplified in the progeny and led to a lot of SNPs being mis-called. The sub-clustering was 
evident in all three populations but more pronounced in the ‘Malus platycarpa’ x ‘Mildew 
Resistant’ and ‘Russian Seedling’ x ‘Golden Delicious’ populations. However the markers that 
had been used to anchor the ‘Golden Delicious’ (GDsnps) genetic and physical maps of apple 
(David Chagné, Crowhurst, et al., 2012) were genotyped correctly, as all scored for ‘Golden 
Delicious’. The genotypes that had not clustered were also visually inspected and the clusters 
were manually redefined in order to include these genotypes. 
 
4.5 Summary 
Genomic DNA for the three mapping populations was successfully extracted. SSRs megaplexes 
were then implemented and resulted in a total of 128 markers that were found to be 
polymorphic for ‘Russian Seedling’ x ‘Golden Delicious’, 83 for Malus platycarpa x ‘Mildew 
Resistant’ and 81 for ‘Mildew Resistant’ x ‘Golden Delicious’. DArTs gave a total of 544, 434 
and 618 DArTs that were polymorphic for Malus platycarpa, ‘Mildew Resistant’, Mildew 
Resistant’ x ‘Golden Delicious’ and ‘Russian Seedling’ x ‘Golden Delicious’ mapping 
population respectively. The SNPs yielded the highest number of polymorphic markers with 
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3029, 2510 and 2835 being polymorphic for ‘Malus platycarpa’ x ‘Mildew Resistant’, ‘Russian 
Seedling’ x ‘Golden Delicious’ and ‘Mildew Resistant’ x ‘Golden Delicious’ respectively. 
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Chapter 5: Map construction and QTL identification 
5.1 Introduction 
Genetic linkage maps are tools used to determine the linear position of genes usually in the form 
of markers along a chromosome. Linkage maps are therefore used as tools to provide vital 
information on genome wide recombination rates and insights into gene rearrangements within 
and between chromosomes (Ball et al., 2010). The construction of these genetic linkage maps 
has provided to be a valuable tool for tracking Mendelian and QTLs in full-sib families. 
Building genetic linkage maps for full-sib outcrossing families such as the Malus species is a 
very complex process, as compared to species from pure lines derived from homozygous 
parents. The main differences between progeny that are derived from homozygous parents and 
these form full-sib families from outcrossing species is the number of segregating alleles per 
locus per parent and the linkage phase of the loci. Segregating families from pure lines are 
derived from homozygous parents therefore all segregating loci will only segregate for a 
maximum of two alleles and all alleles from the same parent are in coupling phase. Whilst 
segregating loci from outcrossing full-sib families may have up to four segregating alleles per 
locus, while the linkage phase is usually unknown (Maliepaard, Jansen, & Van Ooijen, 1997).  
 
Breeders have relied on the recurrent conventional type of breeding to select for naturally 
occurring genes that influence traits of interest such as disease and pest resistance. This type of 
breeding is highly reliant on observing the phenotype and selecting the individuals carrying the 
desired trait for further crossings until the trait is fixed. This process of recurrent breeding is 
being improved by the use of molecular markers to track the underlining genetic factors 
controlling traits of interests. The advent of these molecular markers has enabled the building of 
genetic linkage maps. These genetic linkage maps are highly valuable for QTL analysis, which 
is a first step in the identification of genes involved in various economically important traits 
such as, disease and pest resistance.  
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This chapter deals with two of the major aims of this study, that is the use of the segregating 
markers from the three marker systems (SSRs, DArTs and SNPs) (Chapter 4) in the 
construction of genetic linkage maps and QTL detection for the three full-sib outcrossing 
mapping populations ‘Mildew Resistant’ x ‘Golden Delicious’, ‘Russian Seedling’ x ‘Golden 
Delicious’ and ‘Malus platycarpa’ x ‘Mildew Resistant’. These three genetic linkage maps in 
conjunction with the phenotypic data (Chapter 3) from the three diseases under investigation 
were then used to identify putative disease resistance QTLs. 
 
5.2 Linkage map construction 
The genetic linkage maps were constructed using F1 progeny derived from each of the three 
different mapping populations, these being, ‘Mildew Resistant’ x ‘Golden Delicious’, ‘Russian 
Seedling’ x ‘Golden Delicious’ and ‘Malus platycarpa’ x ‘Mildew Resistant’ using JoinMap® 
4.1. All segregating markers were scored according to the procedure described in section 2.4. 
JoinMap® 4.1 (Van Ooijen & Voorrips, 1998) was used to construct all the genetic maps, as it 
could handle all the computational difficulties related with creating maps from full-sib 
outcrossing species. Due to the large number of markers used a minimum LOD-score of 5.0 and 
a maximum LOD of 15 for the development of all the maps was used in JoinMap® 4.1 (Van 
Ooijen & Voorrips, 1998). As a LOD score lower than 15 was not able to separate out the dense 
SNP clusters into there respective linkage groups. The identification of the linkage groups was 
primarily performed through the use of the SNP markers. The SNP markers have position and 
chromosome numbers from which they were derived on the apple reference genome and 
therefore the positioning of linkage groups became faster and relatively straight forward. The 
numbering of the linkage group was in accordance with Maliepaard et al. (1998). Due to the 
high density of SNPs, the identification of different segments belonging to the same linkage 
group was also done using the genomic data supplied with the SNP chip array. 
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SNPs and DArTs could only be converted to nn x np, lm x ll and hk x hk. Which means that 
they could only be scored for a maximum of two alleles if both parents where heterozygous. As 
per specifications given by Diversity Arrays, if any DArT marker of the hk x hk segregation 
type showed a high χ2-value after scoring, these values were to be lowered and minimise map 
distortions by adjusting the expected genotypic ratio from the conventional 1:2:1 (hh:hk:kk) to 
3:1 (h-:kk) ratio. This adjustment was also performed on all the SNPs that showed such 
distortions.  
 
Both published and in-house developed SSR primers were initially tested for their ability to 
amplify the targeted SSR fragment in order to determine their polymorphic information content 
and heterozygosity. A total of 128 markers were found to be polymorphic for ‘Russian 
Seedling’ x ‘Golden Delicious’, 83 for Malus platycarpa x ‘Mildew Resistant’ and 81 for 
‘Mildew Resistant’ x ‘Golden Delicious’ (Table 5.1). The differences that were observed in the 
amplification success from the published SSRs may be due to the changes in the unique 
sequence from which the primers were designed, which led to no amplification product being 
present. The relatively low amplification rate can also be attributed to the fact that most the 
SSRs were derived from ESTs that are from Malus x domestica; therefore, they might not have 
similar sequence partners with the Malus species used in this study leading to no amplification 
products.  
 
A total of 434, 544 and 618 DArTs (Table 5.1) were polymorphic for ‘Mildew Resistant’ x 
‘Golden Delicious’, Malus platycarpa x ‘Mildew Resistant’ and ‘Russian Seedling’ x Golden 
Delicious’, respectively. Only 23%, 16% and 12% of the scored DArT markers having 
segregated for the non-commercial parentals Malus platycarpa, ‘Mildew Resistant’ and 
‘Russian Seedling’ respectively.  
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8788 SNPs were screened on each of the three populations. Only 7867 Malus derived SNPs 
were then scored resulting in 2835, 3029 and 2510 SNPs for ‘Mildew Resistant’ x ‘Golden 
Delicious’, Malus platycarpa x ‘Mildew Resistant’ and ‘Russian Seedling’ x Golden Delicious’, 
respectively, being polymorphic (Table 5.1).  
 
All three populations under investigation (‘Mildew Resistant’ x ‘Golden Delicious’, ‘Russian 
Seedling’ x ‘Golden Delicious’ and ‘Malus platycarpa’ x ‘Mildew Resistant’) had all 17 
linkage groups calculated and generated as shown in Figures 5.1, 5.2 and 5.3. The ‘Mildew 
Resistant’ x ‘Golden Delicious’ genetic map had the highest number of markers with a total of 
1593 having been used in the final map and had a total map length of 1298.8 cM (Table 5.1) 
and a total of 17 intact linkage groups that was obtained (Figure 5.1).  The Malus platycarpa x 
‘Mildew Resistant’ map had the least number of mapped markers with a total of 616 markers 
and total map length of 1324.3 cM on its integrated map (Table 5.1). The ‘Russian Seedling’ x 
‘Golden Delicious’ integrated map also had all 17 linkage groups generated with a total of 819 
markers and a total coverage of 1729,9 cM. Five linkage groups were fragmented in the ‘Malus 
platycarpa’ x ‘Mildew Resistant’ and ‘Russian Seedling’ x ‘Golden Delicious’ maps (Figures 
5.2 and 5.3). 
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Table 5.1: Marker polymorphism and the mapping totals for all the three populations for each marker system. 
Crosses  SNPs DArTs SSRs Mapped Map Size 
MRxGD Polymorphic 2835 434 81 1593 1298.8cM 
Mapped 1449 112 32 
MPxMR Polymorphic 3029 544 83 679 1324.3cM 
Mapped 595 68 16 
RSxGD Polymorphic 2510 618 128 979 1729.9cM 
Mapped 839 124 16 
 The table illustrates the number of markers that were scored polymorphic for each population and how they were integrated into the final map, the number of 
SNPs mapping being higher than any of the other two marker systems used. 
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Figure 5.1: An integrated genetic linkage map for an F1 generation ‘Mildew Resistant’ x ‘Golden Delicious’ mapping population consisting of 85 
individuals. 
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Figure 5.2: An integrated genetic linkage map for an F1 generation of ‘Malus platycarpca’ x ‘Mildew Resistant’ mapping population consisting of 88 
individuals 
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Figure 5.3: An integrated genetic linkage map for an F1 generation of ‘Russian Seedling’ x ‘Golden Delicious’ mapping population consisting of 85 
individuals 
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5.3 QTL analysis 
Prior to any QTL identification, a permutation test was performed for all three populations in 
order to determine the minimum genome-wide LOD score. Therefore, this LOD score was 
employed as the minimum to detect all putative QTLs. The LOD scores were: 4.5 for ‘Mildew 
Resistant’ x ‘Golden Delicious’ and 4.6 for both ‘Malus platycarpa’ x ‘Mildew Resistant’ and 
‘Russian Seedling’ x ‘Golden Delicious’ mapping populations.  
 
Interval mapping (IM) was used to locate markers that were used as the initial co-factors in 
restricted multiple QTL mapping (rMQM).  rMQM was used to identify putative QTL regions 
on the three mapping populations (‘Mildew Resistant’ x ‘Golden Delicious’, ‘Malus platycarpa’ 
x ‘Mildew Resistant’ and ‘Russian Seedling’ x ‘Golden Delicious’) for the two seasons 
(powdery mildew and apple scab resistance) and one season for wooly apple aphid resistance. 
 
5.3.1 Interval mapping 
Interval mapping was performed first in order to detect potential co-factors for use in rMQM. 
The initial co-factors were selected on the basis of the percentage variance they explained 
(%Expl). Table 5.1, 5.2 and 5.3 show the markers that were identified through IM as potential 
co-factors for the seasons under investigation. Any marker explaining at least 15% variance was 
considered as a potential co-factor for rMQM. 
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Table 5.2: A summary of putative QTLs detected by Interval mapping for ‘Mildew Resistant’ x ‘Golden Delicious’. 
Trait LG cM *Locus LOD mu_ac{00}  mu_ad{00}  mu_bc{00}  mu _bd{00}  %Expl 
Mildew 3 61.7 GD_LG03snp00866 4.71  1.54  0.95  0.35  0.16  26.0 
 3 28.5 aPa-183445 4.62  1.17  1.43  0.21  0.28  25.6 
 9 57.3 R_31964859_Lg9 2.84  0.29  3.71  1.04  0.77  16.0 
 10 67.1 R_4982958_Lg17 3.45  0.56  4.26  1.15  0.56  19.8 
 15 4.8 R_48384030_Lg15 2.57  0.35  0.31  1.00  1.28  15.6 
Scab 2 29.4 R_27298641_LG02 4.56  5.00  3.56  4.10  3.90  24.7 
 6 22.7 R_25352404_Lg6 2.61  4.71  3.50  4.06  3.53  15.4 
 10 56.2 R_23270798_Lg10 2.63  3.83  3.17  4.55  3.37  15.5 
 16 29.4 R_3091753_Lg16 4.87  4.82  3.61  4.24  3.66  24.0 
 16 63.2 R_6731200_LG02 2.93  3.64  4.77  3.88  3.43  17.1 
WAA 11 58.5 R_3311328_Lg6 3.67  0.50  0.55  1.78  1.04  22.0 
 16 3.5 R_7887422_Lg16 2.97 -0.92  2.59  2.27  0.23  18.2 
 17 29.4 R_16469678_Lg17 3.01  0.35  1.07  0.95  1.47  18.4 
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Table 5.3: A summary of putative QTLs detected by Interval mapping for ‘Malus platycarpa’ x ‘Mildew Resistant’. 
 
Trait LG cM *Locus LOD mu_ac{00}  mu_ad{00}  mu_bc{00}  mu _bd{00}  %Expl. 
Mildew 1 19.8 R_11503910 3.77 0.53 -1.51 2.02 0.08 20.4 
 5 60.4 R_2446003 4.35 0.45 163 0.24 -6.17 23.2 
 5 34.3 R_5470612 3.86 0.61 -0.05 0.65 0.03 20.9 
 11 21.2 R_6690536 4.08 0.98 0.18 -0.05 0.21 22.4 
 11 18.3 R_4937206 3.68 0.91 0.19 -0.01 0.21 20.5 
 11 15.6 R_14866867 3.85 0.68 0.27 0.17 0.05 20.8 
Scab 1 39.5 aPa-184996 4.75 3.28 2.86 1.70 0.78 22.0 
 5 52.8 R_6821062 6.94 2.34 4.78 2.42 0.94 30.4 
 8 39.3 R_17357684 8.01 3.75 3.87 1.77 1.45 34.2 
 8 39.3 R_17357684 5.04 3.03 3.53 1.91 1.28 23.2 
 13 25.8 aPa-182529 7.07 1.01 0.80 3.06 4.37 30.9 
 15 45.0 R_12562594 6.38 2.63 5.58 1.69 1.00 28.4 
WAA 4 14.5 GDsnp00686 5.25 2.71 0.17 1.48 1.57 31.1 
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 6a 30.9 R_20428062 5.59 1.73 1.81 -0.06 0.18 32.7 
 13 49.9 R_31050547 6.56 0.47 0.19 1.83 1.84 37.2 
 15 0.0 R_1002905 6.14 1.60 1.19 0.15 2.67 35.3 
 15 38.5 R_17583563 5.61 1.69 2.32 0.56 0.33 32.8 
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Table 5.4: A summary of putative QTLs detected by Interval mapping for ‘Russian Seedling’ x Golden Delicious’. 
 
Trait LG cM *Locus LOD mu_ac{00}  mu_ad{00}  mu_bc{00}  mu _bd{00}  %Expl. 
Mildew 1 88.9 aPa -461802 6.08  1.93  0.22  0.31  1.03  29.2 
 1 94.7 A145 5.74  1.85 -1.41 -0.02  0.94  27.8 
 1 68.4 aPa -526157 5.67  1.83  0.90 -0.36  0.69  27.6 
 1 94.7 A145 5.29  1.80  9.73  0.38  1.12  26.0 
 2 45.6 R_30846235_LG02 4.93  1.74  0.75  0.80  2.38  24.5 
 13 9.8 R_9219470_Lg13 6.02 -0.23  3.77  3.18  0.32  29.0 
 14a 5.9 aPa -518577 5.65  3.40  2.83  0.96 -0.24  27.5 
Scab 1 68.4 aPa -519280 3.76  1.88  2.28  5.49  1.47  23.1 
 1 85.5 R_1316702_Lg8 3.16  2.12  1.60  3.70  1.50  22.6 
 2 52.5 GDsnp02_02686 3.25  2.32  1.27  1.74  7.16  20.3 
 5 8.7 R_6230318_Lg5 3.19  1.87  3.18  1.13  1.69  22.7 
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 9 25.2 GDsnp09_01603 3.24  2.27  1.37  3.31  1.61  23.0 
 10 111.6 R_36862797_Lg10 3.15  1.23  6.12  2.74  1.53  22.5 
WAA 5 38.9 GDsnp05_01694 2.75  0.25  0.73  1.17  0.54  15.0 
 15 52.9 aPa -553121 2.64 -0.02  2.23  1.02 -0.94  15.5 
 16 82.1 R_14504645_Lg16 3.01  1.08 -0.26  0.42  1.38  16.3 
The locus in all three IM tables were selected as the initial co-factors for rMQM analysis as they explained at least 15% and above of the variance observed. 
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5.3.2 rMQM analysis 
The final analysis to detect QTLs with a high confidence level was performed using rMQM 
(section 2.4.14.3). Since rMQM is more powerful and is used to narrow down and localize the 
region in which a putative QTL can be detected. This analysis was performed using the markers 
identified in interval mapping as in Tables 5.2, 5.3 and 5.4 above, as co-factors. The results 
generated by rMQM are in Tables 5.5, 5.6 and 5.7. The QTLs generated are shown in Figures 
5.4, 5.5 and 5.6. Figure 5.7 represents the apple scab QTLs that were detected on the Distal and 
Proximal regions of LG 02 of the ‘Russian Seedling’ x ‘Golden Delicious’ population. 
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Table 5.5: A summary of putative QTLs localized by rMQM for ‘Mildew Resistant’ x ‘Golden Delicious’ with the genomic positions of SNP markers co-localizing 
with the QTLs. 
 
Trait LG Season cM Locus LOD Position on 
genome 
mu_ac{00}  mu_ad{00}  mu_bc{00}  mu 
_bd{00}  
%Expl. 
Mildew 3 One 61.7 GDsnp00866 8.09 1 143 761  0.57 -0.88 -0.60  0.0001  19.3 
 3 Two 61.7 GDsnp00866 7.98 1 143 761 0.47 -0.97 -0.74 -0.10 18.6 
 5 One 4.8 R_48384030_Lg15 6.78   0.57  0.31  1.32  1.44  15.8 
 9 One 57.2 R_33061238_Lg9 8.24 33 061 301  0.93  5.35  1.77  0.81  23.2 
 10 Two 51.9 R_26552010_Lg10 5.52 26 552 072  1.97  1.70  2.28  1.37   6.7 
 11 Two 55.7 aPa-185131 5.88   0.82  1.26  1.53  1.98   5.9 
 14 One 56.1 GDsnp00213 5.17 31 704 184  0.57 -0.61 -0.28  0.26  11.4 
Scab 2 One 29.4 R_27298641_LG02 8.24 27 298 708  6.04  4.34  4.96  5.08  24.3 
 10 One 75.8 R_13071892_Lg10 5.05 13 071 954  6.77  5.67  6.28  6.72  14.2 
 10 Two 75.8 R_13071892_Lg10 7.11   4.51  3.94  5.25  18.5  16.4 
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 16 One 29.4 R_3091753_Lg16 5.25 3 091 814  3.90  2.72  3.45  2.87  14.6 
 17 Two 34.2 R_12943589_Lg17 7.87 12 943 650  2.11  0.33  2.26  0.95  16.8 
WAA 3 One 21.9 aPa-525762 8.53  -2.07 -2.07 -2.07 -2.07   4.0 
 5 One 51.4 R_11972840_Lg5 10.2 11 972 901  899  899  899  899  13.8 
 10 One 15.6 GD_Lg10snp00405 9.41 36 882 920  3.13  3.13  3.13  3.13   7.7 
 14 One 63.9 GD_Lg14snp01639 14.5 33 005 427  2.02  2.02  2.02  2.02  17.9 
 17 One 20.6 R_8028199_Lg8 6.14   244  245  245  245   9.4 
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Figure 5.4: A graphical representation of putative QTLs detected by rMQM for the ‘Mildew 
Resistant’ x ‘Golden Delicious’ integrated map.  
The solid QTL bars represent a 5% confidence interval and the whiskers represent a 10% confidence 
interval 
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Table 5.6: A summary of putative QTLs localized by rMQM for ‘Malus platycarpa’ x ‘Mildew Resistant’ with the genomic positions of SNP markers co-localizing 
with the QTLs. 
 
Trait LG Seasn cM Locus LOD Position on 
genome 
mu_ac{00}  mu_ad{00}  mu_bc{00}  mu _bd{00}  %Expl. 
Mildew 10 One 28.5 R_17040479_Lg10 5.94 17 040 541  0.26  0.14  2.33  0.24  17.5 
 11 Two 21.2 R_6690536_Lg11 6.05 6 690 597  1.00  0.19 0.22 -0.21  15.0 
 11 One 15.6 R_14866867_Lg11 4.92   1.30  0.75  0.82  0.68  15.8 
 12 Two 5.5 R_9304872_Lg12 6.24 9 304 933  1.59  0.88  0.46  0.69  18.4 
 16 Two 40.0 R_9105455_Lg16 6.34 9 105 516  1.55  1.77  3.37  1.49  19.0 
Scab 8 Two 39.3 R_17357684_Lg8 8.01 17 357 746  3.75  3.87  1.77  1.45  34.2 
 8 One 29.8 R_13728010_Lg8 6.30 13 728 071  3.55  3.02  1.48  1.03  29.3 
WAA 4 One 14.5 GD_snp00686 5.25 20 965 858  2.71  0.17  1.48  1.57  31.1 
 13 One 49.9 R_31050547_Lg13 6.56 31 050 612  0.47  0.19  1.83  1.84  37.2 
 15 One 0.0 R_1002905_Lg15 6.14 999 450  1.60  1.19  0.15  2.67  35.3 
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Figure 5.5: A graphical representation of putative QTLs detected by rMQM for the ‘Malus 
platycarpa’ x ‘Mildew Resistant’ integrated map.  
The solid QTL bars represent a 5% confidence interval and the whiskers represent a 10% confidence 
interval. 
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Table 5.7: A summary of putative QTLs localized by rMQM for ‘Russian Seedling’ x ‘Golden Delicious’ with the genomic positions of SNP markers 
co-localizing with the QTLs. 
 
Trait LG Season  cM Locus LOD Position on 
genome 
mu_ac{00}  mu_ad{00}  mu_bc{00}  mu _bd{00}  %Expl 
Mildew 1 One 68.4 aPa-526157 5.67   1.83  0.90 -0.36  0.69  27.6 
 1 Two 88.9 aPa-461802 6.08   1.93  0.22  0.31  1.03  29.2 
Scab 2 0ne 42.4 R_32981524_LG02 8.91 29 979 992  1.59  1.53  1.75  2.89  33.4 
 2 One 15.1 R_8936738_LG02 6.20 8 556 272 1.63 1.15 0.97 1.46  24.6 
 2 Two 15.1 R_8936738_LG02 12.25 8 556 272 -535 -532 -537 -536  25.6 
 8 Two 71.4 R_51290336_Lg15 9.74  -618 -617 -619 -620  14.0 
 9 Two 25.2 GDsnp01603 12.87 5 981 550 -0.35 -1.97 1.15 -1.35  33.3 
 16 Two 84.2 R_16085104_Lg16 10.56 16 085 166 0.64  4.40  3.60  1.79 10.3 
WAA 2 One 57.6 R_33262034_LG02 5.35 33 230 601 0.41 -0.25  0.41  0.54  16.3 
 15 One 52.9 aPa-553121 6.77  0.08  3.54  1.98 -2.33  17.8 
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Figure 5.6: A graphical representation of putative QTLs detected by rMQM for the ‘Russian 
Seedling’ x ‘Golden Delicious’ integrated map.  
The solid QTL bars represent a 5% confidence interval and the whiskers represent a 10% confidence interval 
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5.3.3 Known disease resistance genes and linked markers 
Several monogenic traits encoding for pest and disease resistance have been identified and 
mapped for Malus. Molecular markers co-segregating with these commercially important major 
genes have been identified for use in breeding programs with the aim to develop pest and 
disease resistant cultivars. The identification of genetic markers for pest and disease resistance 
in Malus has been relatively straightforward as the most economically important pests and 
disease (for example apple scab, powdery mildew and woolly apple aphid) have monogenic 
resistances.  
 
With the release of the Malus genome it has made it possible to position some of these co-
segregating markers on the genome (Table 5.8). The positioning of these markers on the 
genome make it possible to compare candidate genes from genetic maps of different genetic 
backgrounds. Therefore, a BLAST analysis was performed using publicly available markers co-
segregating with known pest and disease resistance genes for apple scab, powdery mildew and 
woolly apple aphid (Table 5.8). This analysis was only possible for SSR and SNP markers as 
these were the only markers with sequence data that was publicly available. 
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Table 5.8 Pest and Disease resistance Malus major genes and co-segregating markers 
 
Resistance trait Gene/QTL Trait locus Co-segregating Marker Genetic 
Position bp 
Source References 
Apple Scab Major locus: Vm LG17 SSR (Hi07h02) 26 572 361 M. micromalus; Golden 
Delicious x Murray 
(Patocchi et 
al., 2005) 
Apple Scab Major locus: Vb  LG12 SSR (Hi02d05) 30 812 192 Hansen’s Baccata #2; 
Empiere x Hansen’s 
Baccata #2 
(Hemmat et 
al., 2003) 
Apple Scab Major locus: Vg LG12 SSR (CH01d03)  Golden Delicious; Prima 
X Fiesta 
 
Apple Scab Major locus: Vbj LG02 SSR (CH05e03) 
 
29 445 714 Malus baccata jackii; 
A722-7 x Golden 
Delicious 
(Gygax et al., 
2004) 
Apple Scab Major locus: Vh8 LG02 SSR (CH03d01) 36 453 784 M. sieversii W193B; (V. G. Bus et 
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Royal Gala x M. 
SieversiiW193B 
al., 2005) 
Apple Scab Gene: Vf LG01 SSR (CHVf1)   ‘Florina’ x 
‘Nova Easygro’  
(Vinatzer et 
al., 2001) 
Apple Scab Major locus: Vh2 LG02 SSR 30 245 537 Royal Gala x TSR34T15 (V. Bus et 
al., 2005) 
Apple Scab Major locus: Va LG01 RAPD, SCAR  Antonovka P1172623, 
Fortune x PRI 1841-11 
(Hemmat et 
al., 2003) 
Apple Scab Major locus: Vh4 LG02 SSR 9 012 152 Russian apple R12740-
7A; Royal Gala x 
TSR33T239 
(V. Bus et 
al., 2005) 
Apple Scab Major locus: Vr2 LG02 SSR (CH02c02a) 4 254 254 Russian apple R12740-
7A; GMAL 2473 x 
Idared 
(Patocchi et 
al., 2004) 
Apple Scab Major locus: Vd LG10 SSR 6 736 008 Durello di Forli x Fiesta  
Powdery Major locus: Pl-1 LG12 SSR (Hi07f01) 34 396 826 Idared x 78/18-4 (Dunemann 
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Mildew et al., 2007) 
Powdery 
Mildew 
Major locus: Pl-2 LG11 SSR (CH02d12) 11 407 591 Royal Gala X A689- 24 (S Gardiner 
et al., 2003) 
Powdery 
Mildew 
Major locus: Pl-d LG12 SSR (CH03c02) 29 746 734 Fiesta x A871-14 (James et al., 
2004) 
Powdery 
Mildew 
Major locus: Pl-m  SSR (Ch02d12) 10 411 602 Fuji X MISop 93.051 
G02-054 
(S Gardiner 
et al., 2003) 
Powdery 
Mildew 
Major locus: Pl-w LG8 SSR (Ch01e12) 12 116 033 White Angel; Prima X 
Fiesta 
(Evans & 
James, 2003) 
Wooly Apple 
Aphid 
Major locus -Er-1 LG08 SSR (CH01c06) 12 115 764 Sciglo x Northern Spy  (V. Bus et 
al., 2008) 
Wooly Apple 
Aphid 
Major locus: Er-2 LG17 SSR (CH02g04) 6 221 655 X3189 × M. × robusta 5 (V. Bus et 
al., 2008) 
Wooly Apple 
Aphid 
Major locus: Er-3 LG08 SSR (Hi0412) 5 187 886 Royal Gala × Aotea (V. Bus et 
al., 2008) 
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5.4 Map construction and QTL Identification Discussion 
5.4.1 Genetic linkage map construction 
The integrated genetic linkage maps for the three mapping populations were constructed using the 
three marker systems (SSRs, DArTs and SNPs) (Table 5.1). ‘Malus platycarpa’ x ‘Mildew Resistant’, 
‘Russian Seedling’ x ‘Golden Delicious’ and ‘Mildew Resistant’ x ‘Golden Delicious’ had maps of 
1324.3 cM, 1729.9 cM and 1298.8 cM as map length, with 616, 819 and 1563 markers, respectively. 
These maps are comparable to the positions identified on the Malus x domastica reference genome 
using the SNP markers and all linkage groups have been aligned using these positions.  
 
Markers with more than 30% missing data points were excluded from the map construction if they 
were either SNPs or DArTs as these marker systems contribute less information per genotype as 
compared to SSRs (Van Ooijen & Voorrips, 1998). All the loci from DArTs showing segregation 
distortions were primarily excluded from further analysis and were only used when the ‘hk’ 
segregation genotype was converted to the 1:3 (h- : kk) segregation ratio. After the conversion any 
markers observed to be χ2 ≥ 30 were all excluded. Such a high χ2 threshold limit was used in order to 
accommodate the markers in the ‘Russian Seedling’ x ‘Golden Delicious’ population, which were 
heterozygous for ‘Russian Seedling’ only and had high chi-square values as compared to the other 
two populations. The presence of markers having high segregation distortions segregating for 
‘Russian Seedling’ was due to the fact that ‘Russian Seedling’ is genetically distant from the ‘Golden 
Delicious’ that was used for this mapping population.  
 
The ‘Malus platycarpa’ x ‘Mildew Resistant’ (1324.3 cM) and ‘Mildew Resistant’ x ‘Golden 
Delicious’ (1298.8 cM) maps compared favourably to the only other Malus based map with a 
combination of SSRs and SNPs, the apple rootstock progeny map with a map length of 1282.194cM 
(Antanaviciute et al., 2012). Whilst the ‘Russian Seedling’ x ‘Golden Delicious’ map was large 
1729.9cM as compared to the other maps.  SNP marker distribution was even throughout the linkage 
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groups of all three populations, with the exception of (Linkage Group) LG15 that had a high number 
of SNPs, ‘Malus platycarpa’ x ‘Mildew Resistant’ 45 markers, ‘Mildew Resistant’ x ‘Golden 
Delicious’, 123 markers and ‘Russian Seedling’ x ‘Golden Delicious’, 87 markers. However this 
number of markers on LG15 was proportional to the coverage length expected for LG 15. The 
observed size was also in line with the one detected by (Antanaviciute et al., 2012) of 132.444 cM 
with 198 makers, as this was the longest linkage group on the map. As the linkage groups are 
representative of actual chromosomes, it is not expected to find the lengths of all groups to be the 
same, as the chromosomes of apple are known to be varying lengths (Riccardo Velasco et al., 2010).  
 
The map fragmentation observed on the ‘Russian Seedling’ x ‘Golden Delicious’ population could be 
due to the phylogenetic distance between the parents, as mentioned earlier such a difference would 
lead to high levels of segregation distortion during linkage mapping as 828 (71 SSRs), (248 DArTs) 
and (509 SNPs) markers exhibited a very high chi-square, which represented 33% of the scored 2510 
markers. Of the 828 markers showing segregation distortion 530 were segregating for ‘Russian 
Seedling’ representing 21% of the 2510 scored markers for this population. Therefore, during the 
construction of an integrated map a lot of the markers from ‘Russian Seedling’ could not be 
incorporated into the final integrated map. This could have led to the production of a fragmented map 
and relatively large linkage groups as compared to other published maps.  
 
A total of 150 (9.4%), 48 (6%) and 65 (10.8%) for ‘Mildew Resistant’ x ‘Golden Delicious’, ‘Malus 
platycarpa’ x ‘Mildew Resistant’ and ‘Russian Seedling’ x ‘Golden Delicious’ respectively, of all 
mapped SNP markers were located to positions on linkage groups conflicting with the assigned 
positions of the SNPs on the apple reference genome “Golden Delicious’. The number is comparable 
to the amount of markers found to be in conflicting positions with the reference genome on the SNP 
based map by (Antanaviciute et al., 2012) which had 13.7% SNPs of all mapped markers. The 
conflicting positions could also be due to the mis-assignment of the genome sequence contigs during 
the assembly process of the reference genome. Some contigs might have been anchored to the wrong 
 
 
 
 
 Page  
 
192 
regions on the genome as well. 
 
The fragmentation in the two populations ‘Malus platycarpa’ x ‘Mildew Resistant’ and ‘Russian 
Seedling’ x ‘Golden Delicious’ and the relatively low number of SNPs that eventually formed the 
maps, may be due to the phylogenetic differences between the parents. These phylogenetically distant 
parents led to a situation where the transferability of a SNP from one Malus species to another being 
very low. The transferability of SNP markers to distant Malus species was found to be very low 
(Micheletti et al., 2011). SNP transferability (TSNP) has also been identified as a key parameter in 
ensuring efficiency of trait genetic mapping in heterozygous fruit crop species. It is defined TSNP as 
the probability that a nucleotide position known to be heterozygous in one accession will be 
heterozygous in a related accession. Species belonging to the Series Pumilae, such as M. sieversii, M. 
sylvestris and M. prunifolia were found to have a low TSNP with an average range of between 17.6% 
and 35.7% (Micheletti et al., 2011). This would translate to very few markers that are representative 
of the entire genome hence the fragmented linkage groups. Computational simulations have been 
performed with empirical results that indicated a closely designed, multiplexed SNP array of at least 
2000 markers is required to build a highly saturated linkage map for M. x domestica crosses 
(Micheletti et al., 2011). Such an array will be relatively be very uninformative in increasingly 
phylogenetically distant Malus species.  
 
The evolution of polyploids was also found to play a major role in the transferability of molecular 
markers (Soltis & Soltis, 2000), it was also established that polyploid plants that might have evolved 
independently tend to have novel genome rearrangements. These genome rearrangements will lead to 
a high segregation distortion. It is however possible to overcome this issue of fragmentation by the 
development of a SNP chip that has been developed from a wider range of Malus species. Micheletti 
et al, (2011), suggest that due to the low TSNP (0.1) observed in phylogenetically distant Malus species 
the number of SNPs required for good linkage map coverage has to be >5000 SNPs. In this study the 
number of SNPs scored for the three mapping populations was less than 5000 for all three, this could 
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be one of the reasons two of the maps ‘Malus platycarpa’ x ‘Mildew Resistant’ and ‘Russian 
Seedling’ x ‘Golden Delicious’ were fragmented. However, from the SNP data ‘Mildew Resistant’ 
appears phylogenetically close to ‘Golden Delicious’. Thus, the ‘Mildew Resistant’ x ‘Golden 
Delicious’ genetic linkage map has a good density and distribution of markers as well as map 
coverage. 
 
Despite all the challenges mentioned above, SSRs, DArTs and SNPs were successfully implemented 
in the generation of genetic maps for the three populations and the subsequent identification of QTLs 
for disease resistance. 
 
5.4.2 Interval Mapping  
Interval mapping was initially employed in order to detect the loci that were contributing to the 
putative QTLs. Interval mapping is considered to be an improvement from the simple analysis of 
variance, ANOVA (sometimes called ‘marker regression’) method for the detection of QTLs. The 
ANOVA approach for QTL detection has some important weakness which were noted by (Broman, 
2001) namely its inability to receive separate estimates of QTL location and effect. The method also 
discards individuals whose genotypes are missing at the loci being examined. Lastly, when presented 
with a map composed of very few markers the power of detection is drastically reduced (Doerge, 
2002). For these disadvantages it was not deemed appropriate to use this weak method to detect 
putative QTLs. 
 
Interval mapping (IM) was developed to try and solve some of the disadvantages of analysis of 
variance at marker loci. This method also assumes the presence of a single QTL and each location in 
the genome is postulated, one at a time, as the location of the putative QTL. Also in interval mapping 
the assumption is that a QTL genotype will have a phenotype that follows a normal distribution 
(Doerge, 2002).  Since IM assumes the presence of one QTL, the use of methods that model multiple 
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QTLs simultaneously has several advantages. The most important advantage is that these models by 
controlling the presence of one QTL tend to reduce the residual variation and obtain greater power to 
detect additional QTLs. This meant that after IM was performed on all three populations in order to 
detect the markers segregating with potential putative QTLs. These markers were then used as co-
factors for restricted MQM, which would enable the detection of several QTLs simultaneously. 
 
The superiority of rMQM analysis, results from its ability to perform genome wide, multidimensional 
analysis of potentially interacting QTLs. This enables the detection and assignment of residual 
variation that has taken into account other contributing loci. The use of co-factors also makes the 
process of detecting QTLs more efficient computationally by making use of these selected markers as 
‘anchors’ that rMQM can utilize for detecting surrounding QTLs. During IM potential putative QTLs 
were identified for all the seasons as shown in Tables 5.2, 5.3 and 5.4. Markers linked to these 
potential QTLs were then used in rMQM as co-factors in order to detect putative QTLs with a higher 
degree of confidence. 
 
5.4.2.1 ‘Mildew Resistant’ x ‘Golden Delicious’ 
The ‘Mildew Resistant’ x ‘Golden Delicious’ population yielded 14 putative QTLs using IM for the 
three disease resistances under investigation. Powdery mildew resistance had two putative QTLs 
detected on LG 03 explaining 26.0% and 25.5% of the variation being observed (Table 5.2). These 
two putative QTLs co-localized with two DArT markers that can be converted to SNPs if one needs to 
use them for MAS. However, in this case these markers were used as co-factors for rMQM in order to 
localize the QTLs with a higher level of confidence.  
 
Apple scab resistance presented with six putative QTLs with two of the QTLs explaining 24.7% and 
24.0% of the variation observed. These two putative apple scab resistance QTLs were detected on LG 
02 and 16, respectively. Although they had relatively low LOD values ranging from 2.97 to 4.71, 
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these QTLs detected by IM explained between 14.6% and 26.0% of the variation being observed 
(section 5.3.1). As such the markers associated with these putative QTLs were also used as cofactors 
for rMQM analysis. 
 
Only three putative QTLs were detected using IM analysis for woolly apple aphid resistance. These 
putative QTLs explained between 18.2% and 22.0% of the observed variation (section 5.3.1). 
 
5.4.2.2 Malus platycarpa x ‘Mildew Resistant’ 
A total of 19 putative QTLs were detected for the Malus platycarpa x ‘Mildew Resistant’ mapping 
population. One putative QTL for powdery mildew resistance was recurrent between the two seasons 
and was located on LG 11. The QTL explained 20.5% and 20.8% of the variation observed for season 
one and season two respectively (Table 5.3). This QTL co-localized with SNP markers and could be 
used for MAS based on the IM analysis alone. The detection of this QTL in both seasons points to a 
possible stable QTL that can be validated.  
 
Apple scab resistance also had a single QTL that was recurrent between the two seasons under 
investigation and was located on LG 08. This QTL co-localized with the SNP marker R_17357684 
and explained 34.1% and 23.4% observed variation for seasons one and two, respectively (Table 5.3). 
This marker is a good candidate for being a cofactor for rMQM, as the QTL was detected at the same 
locus for two seasons. All the markers that co-localized with these putative QTLs were then employed 
in rMQM analysis as the initial co-factors. 
 
Woolly apple aphid resistance had had four QTLs detected by IM analysis. All the four QTLs 
explained a relatively high percentage of the variation that was being observed ranging from 31.1% 
to37.2%. LG 15 had two QTLs located on it with one at the proximal end and the second one located 
at position 38.5 cM (Table 5.3). 
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5.4.2.3 ‘Russian Seedling’ x ‘Golden Delicious’ 
The ‘Russian Seedling’ x Golden Delicious’ mapping population has a total of 20 putative QTLs that 
were detected using IM. However, LG 01 had a very high number of the putative QTLs that were 
detected using IM, with a total of nine QTLs for the three disease resistances being investigated. 
Three putative QTLs were identified for powdery mildew and apple scab on LG 01. Two recurrent 
QTLs were identified on LG 01 for both powdery mildew and apple scab and the QTLs were 
localized to DArT markers that were good co-factors for rMQM. A cluster of resistance gene 
analogues has been mapped to LG 01 before (Calenge, Van der Linden, et al., 2005), therefore the 
presence of a high number of putative QTLs on LG 01 could be due to the cluster of resistance gene 
analogues. The putative QTLs for powdery mildew explained high variances ranging from 29.0 % to 
27.5 % (Table 5.4). Only three putative QTLs for woolly apple aphid resistance were detected with a 
relatively low LOD scores ranging between 2.64 and 3.01 as compared to the genome wide threshold 
value of 4.5. However, these QTLs explained a large proportion of the observed variation ranging 
from 14.5% to 16.3% (Table 5.4). Therefore the markers co-localizing with these QTLs were taken as 
viable candidates for cofactors in rMQM.  
 
5.4.3 rMQM mapping 
Since genetic linkage maps had been constructed for the three mapping populations the identification 
and tracking of underlying QTLs affecting disease and pest resistance was possible.  Using rMQM, 
which is a powerful tool in detecting QTLs, it was possible to identify QTLs with a higher degree of 
confidence. A total of 14, 12 and 10 putative QTLs were identified for powdery mildew, scab and 
WAA resistance respectively for the three populations under investigation. The identification of these 
QTLs is the first step in the identification of genomic regions that might carry genes that are affecting 
the trait of interest. Therefore the regions that were focused on were the distal and proximal apple 
scab resistance QTLs on the ‘Russian Seedling’ x ‘Golden Delicious’ population found on LG 02 
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explaining 24.6% (Proximal QTL) and 34.4% (distal QTL) variance. These two QTLs coincided with 
the regions that were identified to have the genes Vh4 and Vh2 fro apple scab resistance in ‘Russian 
apple’, respectively (Table 5.8).  
 
5.4.3.1 ‘Mildew Resistant’ x ‘Golden Delicious’ Putative QTLs 
The ‘Mildew Resistant’ x ‘Golden Delicious’ population yielded the largest number of putative QTLs 
with 17 QTLs for the three disease resistance traits being investigated. The first season for powdery 
mildew resistance presented with three putative QTLs above the threshold of 4.5. Only one QTL was 
found to be recurrent and was located on LG 03 with a LOD score and variance of 8.09; 19.3%, and 
6.78; 15.8%, for season one and two respectively. This QTL was localized to SNP marker 
GD_LG03snp00866 at position 1 143 761 bp on chromosome three on the apple genome sequence. 
Such a QTL can be validated over different environments and genetic backgrounds in order to 
determine its stability. Putative QTLs for powdery mildew resistance were also found on LGs 10 and 
14 localized with SNP markers at genome sequence positions 26 552 072 and 31 704 184 of the 
respective chromosomes (Table 5.5). The presence of these putative QTLs in one season could be due 
to the pathogen race differences in between seasons. Although the pathogen races were not typed in 
this study, it has been noted that different races elicit different mechanisms of defense from the apple 
plants, therefore this might in turn lead to the presence or absence of an observed QTL when 
expressed in different environmental conditions (Van et al., 2013). 
 
Apple scab resistance had five putative QTLs that were identified and also had one QTL that was 
considered to be recurrent and needs to be validated. The recurrent QTL was located on LG 10 at and 
co-localized with SNP marker R_13071892 that had a LOD score and percentage observed variation 
of 5.05; 14.2% and 7.11; 16.4% for season one and two respectively. The SNP marker 
R_13071892_LG10 was positioned on the genome sequence at 13 071 954 bp on chromosome 10 
(Table 5.5) and this excluded it from being the Vd gene which is the only major gene for apple scab 
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ever detected on chromosome 10 and co-segregates with the SSR marker CH02c02d that is positioned 
at 6 736 008 bp on the pseudo chromosome 10 of the apple genome sequence (Table 5.8). Nucleotide 
binding site (NBS) profiling, resistance gene analogues (RGA)  (NBS2R12 and NBS2R10) have been 
mapped to lower end of LG 10 on the ‘Discovery’ a ‘TN10-8’ mapping population. However this 
QTL and the RGA are on two different genetic backgrounds and cannot be compared directly 
(Calenge, Van der Linden, et al., 2005). LG 02 also had a putative QTL at 29.4 cM and co-segregated 
with SNP marker R_27298641_LG02 at genomic position 27 298 708 bp (Table 5.5). This region has 
been identified as a region in which a cluster of apple scab resistance genes have been previously 
mapped too; namely Vh2 from Russian apple R12740-7A, and Vbj from M. baccata jackii, (V. G. M. 
Bus et al., 2004). An SSR marker co-segregating and used for the screening of the Vh2 gene has been 
positioned at 30 245 537 bp (Table 5.8) on chromosome two. This means its unlikely for this QTL is 
the Vh2 gene.  The gene Vbj co-segregates with SSR marker CH05e03 which is positioned at 29 445 
714 bp on chromosome two (Table 5.8). This eliminates these two apple scab major genes from being 
the observed QTL. Using NBS profiling 13 RGAs were mapped along this region with four of the 
RGA having TIR/NBS/LRR type R protein 7 analogues from M. baccata in the ‘Discovery’ x ‘TN10-
8’ mapping population (Calenge, Van der Linden, et al., 2005). With such a cluster of RGA being 
identified for this region it stands that a disease resistance QTL within such a genomic region could 
likely be present, since disease resistance genes in plants have been noted to occur in clusters 
(Gururani et al., 2012). LGs 03, 06, 09, 08 and 16 also had QTLs that explained intermediate 
observed phenotypic variations ranging from 6.7 % to 11.3 % and were only present in a single 
season (Table 5.5).  
 
rMQM analysis of the WAA data revealed that five putative QTLs were present in the ‘Mildew 
Resistant’ x ‘Golden Delicious’ mapping population (Table 5.4), with a QTL being identified on LG 
17 WAA resistance. The gene Er2 has been located on the top of LG 17 at for the M.9 x M x robusta 
5 (V. Bus et al., 2008) and co-segregates with SSR marker CH02g04 at genomic position 6 221 655 
bp (Table 5.8). The putative QTL detected in this study was also mapped to the top of LG 17 at 20.6 
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cM. Four other putative QTLs were identified for the resistance to WAA on LGs 03, 05, 10 and 14, 
with the QTL on LG 14 explaining 17.9% of the observed variation.  
 
This mapping population had the highest number of putative QTLs with rMQM, which is considered 
to be the most powerful method for QTL detection. As mentioned above two recurrent QTLs were 
also identified one each for apple scab and powdery mildew. These recurrent putative QTLs can be 
validated and are good candidates for candidate gene analysis if the QTLs are proven to be stable as 
they are closely linked to SNP markers. 
 
5.4.3.2 ‘Malus platycarpa’ x ‘Mildew Resistant’ Putative QTLs 
rMQM analysis on the Malus platycarpa x ‘Mildew Resistant’ mapping population presented with 10 
putative QTLs for the three disease resistances under investigation, with powdery mildew resistance 
having the highest number of putative QTLs.  
 
One putative QTL was recurrent for powdery mildew resistance on LG 11 with (6.05; 15.0%) season 
one and (4.92; 15.8%) season two, LOD score and observed variances, respectively. This QTL co-
localized with SNP marker R_6690536_LG11 and was positioned at 6 690 597 bp (Table 5.6) on LG 
11 of the apple genome sequence. Two major resistance genes, Pl-2 and Pl-m for powdery mildew 
have been mapped on LG 11 in the ‘Royal Gala’ x A689-24 and ‘Fuji’ x ‘Mildew Immune Selection’ 
crosses, respectively (Caffier & Parisi, 2007). However, the SSR markers that co-segregate with these 
two genes map to 11 407 591 bp and 10 411 602 bp (Table 5.8) for Pl-2 and Pl-m respectively on the 
apple genome sequence. However due the low SSR marker coverage in the ‘Royal Gala’ x A689-24 
and ‘Fuji’ x ‘Mildew Immune Selection’ crosses the SSR co-segregating with two genes were 13.6 
cM and 16.2 cM away from the Pl-2 and Pl-m respectively. Therefore, the QTL detected in this study 
can be any one of these two genes. Three more putative QTLs at LGs 10, 12 and 16 were detected for 
powdery mildew resistance explaining between 17.5% and 19% of the variance being observed. The 
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QTL identified on LG 12 co-localized with SNP marker that is situated at position 9 304 933 bp on 
the apple genome sequence. LGs 12 is known to possess clusters of RGA, therefore any one of these 
RGA could be responsible for the presence of QTLs contributing to the observed resistance to 
powdery mildew (Calenge, Van der Linden, et al., 2005). 
 
The apple scab resistance analysis yielded one recurrent putative QTL. This putative QTL was 
detected on LG 08 with a LOD score and observed variance of 8.01; 34.2% and 6.30; 29.3% for 
season one and two respectively. The two QTLs co-localized with two SNP markers 
R_13728010_Lg8 and R_17357684_Lg8 for season one and two respectively and are positioned at 17 
357 746 bp and 13 728 071 bp on the apple genome sequence of chromosome eight. This shows that 
for each season a single major QTL imparted the apple scab resistance that was being observed.  
 
WAA resistance had three putative QTLs that were detected in this mapping population. All the three 
QTLs explained a very high degree of the variance being observed. The QTL on LGs 04 (5.25; 
31.1%) and co-localized with SNP marker GDsnp00686 that maps to position 20 965 858 bp on 
chromosome four of the apple genome sequence. LG 13 also had a WAA disease resistance QTL with 
6.56 and 37.2% as the LOD and percentage observed variance, respectively. This QTL explained the 
majority of the observed variance and co-localized with SNP marker R_1002905_Lg13 at position 
999 450 bp on the apple genome sequence. LG 15 had a QTL, with a LOD score of 6.14 and observed 
variance of 35.3%. All these three QTLs mapped to linkage groups that had RGAs identified on them 
from the ‘Antonovka debnicka’ (Q12-4) x ‘Summerred’ mapping population. However, due to the use 
of non-transferable markers RAPDs in the ‘Antonovka debnicka’ (Q12-4) x ‘Summerred’ mapping 
population the comparison of the QTLs is not feasible. The presence of three WAA resistance 
putative QTLs in the Malus platycarpa x ‘Mildew Resistant’ mapping population was as indicated by 
the phenotypic segregation ratios with the Mendelian ratio of 3:1 that indicated a presence of several 
genes/QTLs imparting WAA resistance. 
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5.4.3.3 ‘Russian Seedling’ x ‘Golden Delicious’ Putative QTLs 
The ‘Russian Seedling’ x ‘Golden Delicious’ mapping population had the least number of putative 
QTLs with a total of seven putative QTLs detected for the three diseases under investigation, this was 
also observed with the IM analysis.  
 
Powdery mildew resistance presented with two QTLs, one for each season under investigation. This 
was also supported by the phenotypic data, which indicated that a major gene/QTL was imparting the 
resistance. The phenotypic data for both seasons did not significantly defer from the 1:1 ratio for 
resistance : susceptible. The p values were 0.1583 and 0.5902 for seasons one and two respectively, at 
a significance level of p > 0.05 (Section 3.2.4). Therefore, the presence of one dominant QTL on LG 
01 with LOD scores and observed percentage variances of 5.67; 27.6% from season one and 6.08; 
29.2% for season two, respectively was expected. Although this recurrent QTL is linked to DArTs it 
has flanking SNP markers, these SNPs can be used to perform candidate gene analysis in future. 
 
Apple scab resistance QTL analysis yielded seven putative QTLs, with LG 02 having a recurrent QTL 
with (6.20 LOD; 24.6%) season one and (12.25; 25.6%) season two which is the proximal QTL 
region. This proximal QTL on LG 02 coincided with the region for the apple scab resistance gene 
Vh4. This region was originally identified by two SSRs on Russian apple R12740-7A (V. Bus et al., 
2005) and was eventually narrowed down by two SNPs R_8936738_Lg2 and R_8922212_Lg2 to 
roughly a 60 kb region on LG 02 on the ‘Russian Seedling’ x ‘Golden Delicious’ mapping population 
in this study. A Phytozome (Goodstein et al., 2012) and Genome Database for Rosaceae (Jung et al., 
2008) analysis of the Vh4 locus revealed two candidate resistance genes (section 6.4) that can be 
implemented in cisgenesis of apples. The distal QTL of LG 02 was detected in season one only and 
co-localized with SNP marker R_32981524_Lg2, which was positioned at 29 979 992 bp on LG 02 of 
the apple genome sequence and coincides with the Vh2 gene region also initially identified Russian 
apple R12740-7A (V. Bus et al., 2005). The presence of the Vh2 locus on the ‘Russian Seedling’ in 
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this study was determined using two SSR markers (Personal communication, Pattochi. A.). A full 
Pfam analysis of the roughly 600 kb region from the Vh2 locus revealed two clusters of genes for 
ABC transporter proteins, which have been shown to impart durable resistances to multiple fungal 
disease in adult rice and wheat plants (Krattinger et al., 2009). Three other putative QTLs were 
detected as well in season two, explaining minor percentages of the observe variance from between 
10. 3 % to 14.0 % (Table 5.7).  
 
Woolly apple aphid resistance had two putative QTLs with one of them linked to a DArT marker on 
LG 15 with 6.77; 17.8%. As explained previously DArTs can be used as candidate markers for the 
development of SNP markers that can be used to localise the QTL with a transferable marker. The 
other putative QTL was identified on LG 02 with 5.35; 16.3% and co-localized with SNP marker 
R_33262034_Lg02 at position 33 230 601 bp on chromosome two of the apple genome sequence 
(Table 5.6). The presence of a putative QTL on LG 02 in the region a QTL for apple scab Vh2 at 30 
245 537 bp (Table 5.7) was also identified, has also been observed in other crosses that WAA 
resistance genes are often located within clusters of resistance genes within the same chromosome 
(Dogimont, Bendahmane, Chovelon, & Boissot, 2010). Bus et al., (2007) also noted the mapping of 
WAA resistance genes to cluster of resistance genes on LG 08. LG 02 has already been shown to 
carry a wide range of resistance genes for apple scab, therefore presenting evidence of gene clusters 
on this chromosome (V. G. M. Bus et al., 2004). 
 
5.4.3 QTL Mapping functions and recurrent QTLs  
The two QTL mapping functions were employed in a complimentary fashion in order to arrival at 
recurrent QTLs and localize QTLs. Simple interval mapping (IM) was employed in order to get a 
general location of any markers contributing to the suspected QTL region. The markers contributing 
the most to the QTL were then selected as co-factors in rMQM, which is the most powerful of the 
techniques. This was the procedure for all QTLs that were detected. Figure 5.8 illustrates the detection 
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of SNP GD_LG03snp00866 on LG 03 of the ‘Mildew Resistant’ x ‘Golden Delicious’ population that 
was linked with powdery mildew resistance. 
 
Often these year-stable QTLs were localized to the same maker with most significant (highest) LOD 
score. Such markers are very good candidates for marker-assisted selection. The ‘Mildew Resistant’ x 
‘Golden Delicious’ mapping population at LG03 had such a recurrent QTL (Figure 5.8). The SNP 
marker GD_LG03snp00866 at 61.7 cM with a LOD score of 8.09 (season one) and a LOD of 7.98 
(season two) was found to be significant for the two seasons under investigation for powdery mildew 
resistance.  
 
The ‘Malus platycarpa’ x ‘Mildew Resistant’ had recurrent QTLs for both apple scab and powdery 
mildew resistance on LG08 and 11 respectively. The apple scab resistance QTL produced a LOD 
score of 8.01 and explained 34.2% of the population variance for the first season on LG08. In the 
second season the same QTL had a LOD score of 6.30 and explained 29.3% of the population 
variance. The QTL for powdery mildew resistance was located on LG11 and had a LOD score of 6.05 
for the first season, explaining 15.0% population variance. This QTL in the second season had a LOD 
score of 4.92, explaining 15.8% population variance.  
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Figure 5.8: LG03 of the ‘Mildew Resistant’ x ‘Golden Delicious’ population showing a recurrent QTL for 
powdery mildew resistance localized at SNP marker GD_LG03snp00866 at the top of the LGavailable
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5.5 Summary 
Genetic maps for the three mapping population were successfully generated using SSRs, DArTS 
and SNPs, despite the parents of the mapping populations being distant. These genetic maps were 
then successfully used in the identification of putative QTLs for apple scab, powdery mildew and 
WAA resistance in the three mapping populations. A total of 14, 12 and 10 putative QTLs were 
identified for powdery mildew, scab and WAA resistance respectively in the mapping 
populations. Further analysis of the marker constituting LG02 of ‘Russian Seedling’ revealed that 
about 30% of the 68 markers were multilocus markers. This would have led to the markers 
segregating in a manner that would induce some marker distortion from the predicted sequence of 
markers on the Malus x domestica reference genome. 
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Chapter 6: LG 02 Apple Scab QTLs analysis 
6.1 Introduction 
The breeding of apple cultivars with durable disease resistances to apple scab has become a major 
priority for breeders. In a single season, an average of 15 fungicide treatments are used for the 
control of this disease (Liebhard, Koller, Patocchi, et al., 2003). Due to the large amounts of 
fungicides used for its control, consumers have started to demand for the reduction in the amounts 
of fungicides applied to apple crops. The targeted introgression through MAS or cisgenesis of 
resistance genes has the potential to reduce the use of these fungicides (Liebhard, Koller, 
Patocchi, et al., 2003). In order to breed for such resistances in apple cultivars as a strategy, 
reliable knowledge of the underlying genetics is vital. The relationship between apple scab and 
the apple plant has been found to be mostly a gene-for-gene interaction (Leˆ Van et al., 2012). 
This has led to the need to broaden the gene pool of the commercial apple cultivar through the 
introduction of resistance genes from the wild apple, which have been seen to be resistant to 
apple scab races infecting commercial varieties (V. G. Bus et al., 2005).  
 
The recent release of the Malus x domestica Borkh reference genome has enabled for the 
identification of a number of putative disease resistance genes and their physical chromosomal 
positions. However a large number of these putative genes have been detected through extensive 
computational investigation (Riccardo Velasco et al., 2010). Through the use of molecular 
markers the major affect genes and QTLs affecting apple scab resistance have been mapped to 
regions of the apple genome. To date several apple scab resistance genes have been mapped to 
the apple genome with Va and Vb (Hemmat et al., 2003) having been mapped to LG 01, Vbj 
(Gygax et al., 2004), Vh2 and Vh4 having been mapped to LG02 (V. Bus et al., 2005). However, 
only the Vf locus has been analysed in detail (V. G. Bus et al., 2005). A combination of mapped 
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genes and/or QTLs, with the apple genome data and the recent advances in genetics and 
genomics, has led to a greater understanding of the structure of apple plant genome. This 
knowledge has enhanced the ability of the breeder to track genes in order to improve the apple 
crop.  
 
This chapter will therefore deal with the identification of candidate genes for apple scab 
resistance found on LG 02 of the ‘Russian Seedling’ x ‘Golden Delicious’ mapping population. 
The two QTLs for apple scab resistance identified on LG 02 of the ‘Russian Seedling’ x ‘Golden 
Delicious’ mapping population may be a potential natural pyramid of disease resistance genes 
(Chapter 5). Hence, the candidate gene identification presented in this chapter is based on the 
analysis of these two QTLs. For the purposes of this work the two QTLs shall be designated as P 
and D QTLs for the proximal and distal QTLs respectively. 
 
6.2 Proximal and Distal QTL ‘Russian Seedling’ LG02 SNP BLAST 
The two apple scab resistance QTLs detected on LG 02 of ‘Russian Seedling’ were designated as 
the Proximal (P) and Distal (D) regions with the Upper QTL (15.1 to 15.3 cM) and the lower 
QTL positioned at (42.4 to 43.3 cM).  
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Table 6.1: Local blast Results of SNPs from the Distal (D) QTL region on chromosome two of the apple genome from NCBI 
 
Query sequence Hit E-value Bit score Hit start Hit end Hit length Query 
start 
Query 
end 
Identity %Identity 
R_32422411_LG02-
43.3cM 
*chr2 1.80979E-63 244.322 29 420 883 29 421 005 123 1 123 123 100 
R_32981524_LG02-
42.4cM 
*chr2 2.62184E-56 220.534 29 979 870 29 979 992 123 1 123 120 98 
*chr2 represents the chromosome two as number according to  the NCBI apple chromosome two 
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Table 6.2: Local blast Results of SNPs from the Proximal (P) QTL region on chromosome two of the apple genome from NCBI 
 
Query sequence Hit E-value Bit score Hit start Hit end Hit length Query 
start 
Query 
end 
Identity %Identity 
R_8922212_LG02
-15.3cM 
*chr2 1.80979E-63 244.322 
 
8 500 431 
 
8 500 554 
 
123 
 
1 123 
 
123 
 
100 
R_8936738_LG02
-15.1cM 
*chr2 1.07551E-58 
 
228.464 
 
8 556 150 
 
8 556 272 
 
123 
 
1 123 121 98 
*chr2 represents the chromosome two as number according to  the NCBI apple chromosome two 
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6.3 Proximal (P) and Distal (D) locus analysis  
The two regions from the P and D QTLs on LG 02 of the ‘Russian Seedling’ x ‘Golden 
Delicious’ mapping population were analysed using a full Pfam domain search (section 2.5.4). 
The P QTL had a fragment size of about 60 kb and the D QTL was about 600 kb. 
 
6.3.1 Distal (D) QTL Pfam domain prediction 
The roughly 600 kb D locus had a total of 86 domains that were predicted using the full Pfam 
domain search. However the disease resistance related domains were largely identified on the 
reverse frame having a cluster of ABC transporter proteins, protein kinase domain and protein 
tyrosine kinase. The ABC transporter complex resembles the adenosine triphosphate- binding 
cassette of transporter molecules that is in the Pleiotropic Drug Resistance (PDR) subfamily 
(Krattinger et al., 2009). This cluster of disease resistance domains starts from 106901 bp of the 
region to 168674 bp (Table 6.3). The positive frame had only one protein kinase putative disease 
resistance domains that was predicted (Table 6.4).  
 
6.3.2 Proximal (P) QTL Pfam domain prediction 
The 60 kb P locus had a total of 18 predicted domains. The negative frame had a cluster of 
Leucine Rich Repeats (LRR) as the only form of disease resistance related domains predicted 
(Table 6.5). Whilst the positive frame had no disease resistance related domains that were 
detected and was characterised by a cluster of pyridine nucleotide-disulphide oxidoreductase 
(Table 6.6) 
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Table 6.3: Cluster of Pfam predicted disease resistance domains on D QTL as identified in the negative frame. ABC transporter complexes and four protein kinase domains 
were predicted as putative disease resistance genes. 
 
Start End Note 1 Accession Score E-value Domain database 
98936 98956 Plant PDR ABC transporter associated PF08370 90,1 2,4E-25 PDR_assoc Full PFAM 
106901 106978 ABC transporter transmembrane 
region 2 
PF06472 228,2 3,7E-65 ABC_membrane_2 Full PFAM 
107184 107255 ABC transporter transmembrane 
region 2 
PF06472 228,2 3,7E-65 ABC_membrane_2 Full PFAM 
107301 107404 ABC transporter transmembrane 
region 2 
PF06472 193,7 9E-55 ABC_membrane_2 Full PFAM 
107962 108024 ABC transporter PF00005 54,7 1,7E-14 ABC_tran Full PFAM 
108598 108631 ABC transporter transmembrane 
region 2 
PF06472 193,7 9E-55 ABC_membrane_2 Full PFAM 
108725 108762 ABC transporter transmembrane PF06472 193,7 9E-55 ABC_membrane_2 Full PFAM 
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region 2 
108941 108973 ABC transporter transmembrane 
region 2 
PF06472 99,1 1,7E-26 ABC_membrane_2 Full PFAM 
109070 109102 ABC transporter transmembrane 
region 2 
PF06472 99,1 1,7E-26 ABC_membrane_2 Full PFAM 
109146 109198 ABC transporter transmembrane 
region 2 
PF06472 228,2 3,7E-65 ABC_membrane_2 Full PFAM 
109229 109253 ABC transporter transmembrane 
region 2 
PF06472 99,1 1,7E-26 ABC_membrane_2 Full PFAM 
109374 109422 ABC transporter transmembrane 
region 2 
PF06472 228,2 3,7E-65 ABC_membrane_2 Full PFAM 
110013 110079 ABC transporter PF00005 129,7 1,7E-35 ABC_tran Full PFAM 
110248 110264 ABC transporter PF00005 129,7 1,7E-35 ABC_tran Full PFAM 
111428 111443 ABC transporter transmembrane 
region 2 
PF06472 193,7 9E-55 ABC_membrane_2 Full PFAM 
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122756 122798 ABC-2 type transporter PF01061 116,7 3,9E-32 ABC2_membrane Full PFAM 
125912 126112 Protein kinase domain PF00069 232,3 2,2E-66 Pkinase Full PFAM 
126163 126182 Protein kinase domain PF00069 232,3 2,2E-66 Pkinase Full PFAM 
144023 144050 ABC transporter PF00005 54,7 1,7E-14 ABC_tran Full PFAM 
144161 144203 ABC transporter PF00005 129,7 1,7E-35 ABC_tran Full PFAM 
144329 144393 ABC transporter PF00005 54,7 1,7E-14 ABC_tran Full PFAM 
144495 144628 ABC-2 type transporter PF01061 147,2 9,1E-41 ABC2_membrane Full PFAM 
144495 144785 ABC-2 type transporter PF01061 70,7 1E-17 ABC2_membrane Full PFAM 
144668 144723 ABC-2 type transporter PF01061 116,7 3,9E-32 ABC2_membrane Full PFAM 
144758 144785 ABC-2 type transporter PF01061 147,2 9,1E-41 ABC2_membrane Full PFAM 
144822 144884 Plant PDR ABC transporter associated PF08370 81,2 6,8E-21 PDR_assoc Full PFAM 
144831 144877 Plant PDR ABC transporter associated PF08370 90,1 2,4E-25 PDR_assoc Full PFAM 
145075 145286 ABC transporter PF00005 129,7 1,7E-35 ABC_tran Full PFAM 
145511 145551 ABC-2 type transporter PF01061 147,2 9,1E-41 ABC2_membrane Full PFAM 
145551 145842 ABC-2 type transporter PF01061 69 3,1E-17 ABC2_membrane Full PFAM 
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145595 145650 ABC-2 type transporter PF01061 116,7 3,9E-32 ABC2_membrane Full PFAM 
145686 145770 ABC-2 type transporter PF01061 116,7 3,9E-32 ABC2_membrane Full PFAM 
145810 145842 ABC-2 type transporter PF01061 116,7 3,9E-32 ABC2_membrane Full PFAM 
168526 168696 Protein kinase domain PF00069 232,3 2,2E-66 Pkinase Full PFAM 
168526 168640 Protein tyrosine kinase PF07714 196 2,6E-56 Pkinase_Tyr Full PFAM 
168655 168674 Protein tyrosine kinase PF07714 196 2,6E-56 Pkinase_Tyr Full PFAM 
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Table 6.4 Cluster of Pfam predicted domains on D QTL as identified on the positive frame. The positive frame was characterised by an absence of disease resistance related 
domains. 
 
Start End Note 1 Accession Score E-value Domain database 
2667 2698 Reverse transcriptase (RNA-dependent DNA polymerase) PF00078 370,2 6,7E-108 RVT_1 Full PFAM 
3219 3268 Integrase core domain PF00665 85,4 7,4E-23 rve Full PFAM 
3274 3304 Integrase core domain PF00665 309,6 1,2E-89 rve Full PFAM 
5328 5494 Integrase core domain PF00665 162,9 8,7E-46 rve Full PFAM 
6321 6575 Reverse transcriptase (RNA-dependent DNA polymerase) PF07727 956,8 8,8E-285 RVT_2 Full PFAM 
21834 22074 Reverse transcriptase (RNA-dependent DNA polymerase) PF07727 -20,8 4,2E-14 RVT_2 Full PFAM 
33171 33246 Retrotransposon gag protein PF03732 48,6 2,1E-11 Retrotrans_gag Full PFAM 
36987 37150 Integrase core domain PF00665 327,8 1,9E-95 rve Full PFAM 
37011 37035 Integrase core domain PF00665 85,4 7,4E-23 rve Full PFAM 
37431 37655 Reverse transcriptase (RNA-dependent DNA polymerase) PF07727 242,2 1,1E-69 RVT_2 Full PFAM 
37431 37576 Reverse transcriptase (RNA-dependent DNA polymerase) PF07727 480,8 5,4E-142 RVT_2 Full PFAM 
37431 37655 Reverse transcriptase (RNA-dependent DNA polymerase) PF07727 242,2 2,2E-69 RVT_2 Full PFAM 
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38456 38912 Cytochrome P450 PF00067 57,8 1,8E-16 p450 Full PFAM 
49233 49378 Cupin PF00190 129,3 1,1E-35 Cupin_1 Full PFAM 
49997 50009 Reverse transcriptase (RNA-dependent DNA polymerase) PF07727 115,4 1,3E-33 RVT_2 Full PFAM 
54170 54260 Retrotransposon gag protein PF03732 46,7 8,3E-11 Retrotrans_gag Full PFAM 
54644 55073 Reverse transcriptase (RNA-dependent DNA polymerase) PF00078 298,9 9,9E-87 RVT_1 Full PFAM 
54644 54740 Reverse transcriptase (RNA-dependent DNA polymerase) PF00078 370,2 6,7E-108 RVT_1 Full PFAM 
54644 55073 Reverse transcriptase (RNA-dependent DNA polymerase) PF00078 298,9 2E-86 RVT_1 Full PFAM 
55160 55316 Integrase core domain PF00665 315,2 1,2E-91 rve Full PFAM 
55160 55316 Integrase core domain PF00665 309,6 1,2E-89 rve Full PFAM 
55160 55316 Integrase core domain PF00665 315,2 2,5E-91 rve Full PFAM 
67135 67227 Retrotransposon gag protein PF03732 48,6 2,1E-11 Retrotrans_gag Full PFAM 
79087 79107 Retrotransposon gag protein PF03732 72,2 4,4E-20 Retrotrans_gag Full PFAM 
89020 89811 Plant neutral invertase PF04853 280 4,9E-81 Invertase_neut Full PFAM 
89020 89811 Plant neutral invertase PF04853 280 9,8E-81 Invertase_neut Full PFAM 
89072 89131 Plant neutral invertase PF04853 769,6 4E-228 Invertase_neut Full PFAM 
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89164 89235 Plant neutral invertase PF04853 769,6 4E-228 Invertase_neut Full PFAM 
89535 89700 Plant neutral invertase PF04853 769,6 4E-228 Invertase_neut Full PFAM 
89727 89742 Plant neutral invertase PF04853 769,6 4E-228 Invertase_neut Full PFAM 
92127 92292 Integrase core domain PF00665 327,8 1,9E-95 rve Full PFAM 
92130 92195 Integrase core domain PF00665 85,4 7,4E-23 rve Full PFAM 
93468 93613 Integrase core domain PF00665 162,9 8,7E-46 rve Full PFAM 
93907 94163 Reverse transcriptase (RNA-dependent DNA polymerase) PF07727 956,8 8,8E-285 RVT_2 Full PFAM 
94159 94199 Reverse transcriptase (RNA-dependent DNA polymerase) PF07727 480,8 5,4E-142 RVT_2 Full PFAM 
94196 94385 Reverse transcriptase (RNA-dependent DNA polymerase) PF07727 1223,1 0 RVT_2 Full PFAM 
94345 94420 Reverse transcriptase (RNA-dependent DNA polymerase) PF07727 115,4 1,3E-33 RVT_2 Full PFAM 
113722 113804 hAT family dimerisation domain PF05699 81,8 2,2E-21 hATC Full PFAM 
115567 115677 Plant transposon protein PF04827 151,6 2,2E-42 Plant_tran Full PFAM 
115567 115677 Plant transposon protein PF04827 149,6 1,1E-41 Plant_tran Full PFAM 
115567 115677 Plant transposon protein PF04827 151,6 4,3E-42 Plant_tran Full PFAM 
118749 118793 Retrotransposon gag protein PF03732 72,2 4,4E-20 Retrotrans_gag Full PFAM 
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119189 119352 Integrase core domain PF00665 327,8 1,9E-95 rve Full PFAM 
119599 119854 Reverse transcriptase (RNA-dependent DNA polymerase) PF07727 1223,1 0 RVT_2 Full PFAM 
120955 121065 Plant transposon protein PF04827 223 7E-64 Plant_tran Full PFAM 
120955 121065 Plant transposon protein PF04827 221 5,6E-63 Plant_tran Full PFAM 
120955 121065 Plant transposon protein PF04827 223 1,4E-63 Plant_tran Full PFAM 
125912 126182 Protein kinase domain PF00069 169,9 6,6E-48 Pkinase Full PFAM 
125912 126182 Protein tyrosine kinase PF07714 90,1 6,8E-24 Pkinase_Tyr Full PFAM 
143633 143799 Arabidopsis proteins of unknown function PF03005 45,6 1,6E-11 DUF231 Full PFAM 
143633 143799 Arabidopsis proteins of unknown function PF03005 45,6 3,2E-11 DUF231 Full PFAM 
143728 143799 Arabidopsis proteins of unknown function PF03005 94,4 8,9E-28 DUF231 Full PFAM 
144495 144785 ABC-2 type transporter PF01061 70,7 5E-18 ABC2_membrane Full PFAM 
144822 144884 Plant PDR ABC transporter associated PF08370 81,2 3,4E-21 PDR_assoc Full PFAM 
145075 145306 ABC transporter PF00005 80,4 5,8E-21 ABC_tran Full PFAM 
145551 145842 ABC-2 type transporter PF01061 69 1,6E-17 ABC2_membrane Full PFAM 
147185 147231 Integrase core domain PF00665 85,4 7,4E-23 rve Full PFAM 
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147192 147348 Integrase core domain PF00665 327,8 1,9E-95 rve Full PFAM 
147534 147717 Reverse transcriptase (RNA-dependent DNA polymerase) PF07727 242,2 1,1E-69 RVT_2 Full PFAM 
147534 147650 Reverse transcriptase (RNA-dependent DNA polymerase) PF07727 480,8 5,4E-142 RVT_2 Full PFAM 
147534 147717 Reverse transcriptase (RNA-dependent DNA polymerase) PF07727 242,2 2,2E-69 RVT_2 Full PFAM 
147651 147684 Reverse transcriptase (RNA-dependent DNA polymerase) PF07727 115,4 1,3E-33 RVT_2 Full PFAM 
158630 158789 Integrase core domain PF00665 327,8 1,9E-95 rve Full PFAM 
159096 159356 Reverse transcriptase (RNA-dependent DNA polymerase) PF07727 1223,1 0 RVT_2 Full PFAM 
162034 162126 Retrotransposon gag protein PF03732 68,4 2,3E-17 Retrotrans_gag Full PFAM 
162034 162126 Retrotransposon gag protein PF03732 72,2 4,4E-20 Retrotrans_gag Full PFAM 
162034 162126 Retrotransposon gag protein PF03732 68,4 4,7E-17 Retrotrans_gag Full PFAM 
162702 162880 Reverse transcriptase (RNA-dependent DNA polymerase) PF00078 298,9 9,9E-87 RVT_1 Full PFAM 
162702 162880 Reverse transcriptase (RNA-dependent DNA polymerase) PF00078 370,2 6,7E-108 RVT_1 Full PFAM 
162702 162880 Reverse transcriptase (RNA-dependent DNA polymerase) PF00078 298,9 2E-86 RVT_1 Full PFAM 
163402 163558 Integrase core domain PF00665 315,2 1,2E-91 rve Full PFAM 
163402 163558 Integrase core domain PF00665 309,6 1,2E-89 rve Full PFAM 
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163402 163558 Integrase core domain PF00665 315,2 2,5E-91 rve Full PFAM 
168526 168832 Protein kinase domain PF00069 169,9 6,6E-48 Pkinase Full PFAM 
168558 168730 Reverse transcriptase (RNA-dependent DNA polymerase) PF00078 298,9 9,9E-87 RVT_1 Full PFAM 
168558 168730 Reverse transcriptase (RNA-dependent DNA polymerase) PF00078 370,2 6,7E-108 RVT_1 Full PFAM 
168558 168730 Reverse transcriptase (RNA-dependent DNA polymerase) PF00078 298,9 2E-86 RVT_1 Full PFAM 
170498 170754 Reverse transcriptase (RNA-dependent DNA polymerase) PF07727 1223,1 0 RVT_2 Full PFAM 
173981 174081 Protein of unknown function DUF260 PF03195 212,1 1,3E-60 DUF260 Full PFAM 
173981 174081 Protein of unknown function DUF260 PF03195 220,9 1,7E-69 DUF260 Full PFAM 
173981 174081 Protein of unknown function DUF260 PF03195 212,1 2,6E-60 DUF260 Full PFAM 
174920 174936 Protein of unknown function DUF260 PF03195 220,9 1,7E-69 DUF260 Full PFAM 
181443 181600 Integrase core domain PF00665 315,2 1,2E-91 rve Full PFAM 
181443 181600 Integrase core domain PF00665 309,6 1,2E-89 rve Full PFAM 
181443 181600 Integrase core domain PF00665 315,2 2,5E-91 rve Full PFAM 
188771 188791 Integrase core domain PF00665 85,4 7,4E-23 rve Full PFAM 
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Table 6.5: Cluster of Pfam predicted disease resistance domains on the P QTL. All 18 disease resistance domains were predicted on the negative frame. 
Start End Note 1 Accession Score E-value Domain database 
2670 2691 Leucine Rich Repeat PF00560 95,6 3,1E-25 LRR_1 Full PFAM 
2693 2714 Leucine Rich Repeat PF00560 95,6 3,1E-25 LRR_1 Full PFAM 
2716 2737 Leucine Rich Repeat PF00560 95,6 3,1E-25 LRR_1 Full PFAM 
2739 2760 Leucine Rich Repeat PF00560 95,6 3,1E-25 LRR_1 Full PFAM 
2762 2783 Leucine Rich Repeat PF00560 95,6 3,1E-25 LRR_1 Full PFAM 
2785 2806 Leucine Rich Repeat PF00560 95,6 3,1E-25 LRR_1 Full PFAM 
2808 2829 Leucine Rich Repeat PF00560 95,6 3,1E-25 LRR_1 Full PFAM 
2831 2849 Leucine Rich Repeat PF00560 95,6 3,1E-25 LRR_1 Full PFAM 
2854 2877 Leucine Rich Repeat PF00560 95,6 3,1E-25 LRR_1 Full PFAM 
2879 2900 Leucine Rich Repeat PF00560 95,6 3,1E-25 LRR_1 Full PFAM 
2902 2920 Leucine Rich Repeat PF00560 95,6 3,1E-25 LRR_1 Full PFAM 
15044 15068 Leucine Rich Repeat PF00560 73,3 1,5E-18 LRR_1 Full PFAM 
15044 15068 Leucine Rich Repeat PF00560 95,6 3,1E-25 LRR_1 Full PFAM 
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Table 6.6 Cluster of Pfam predicted protein domains on the P QTL positive frame. The positive frame was characterised by a large number of pyridine nucleotide-disulphide 
oxidoreductase protein motifs 
 
Start End Note 1 Accession Score E-value Domain Database 
5584 5808 Calcineurin-like phosphoesterase PF00149 92,2 3,3E-24 Metallophos Full PFAM 
5584 5814 Calcineurin-like phosphoesterase PF00149 87,5 8,3E-23 Metallophos Full PFAM 
10472 10500 FAD dependent oxidoreductase PF01266 17 0,00027 DAO Full PFAM 
10472 10758 Pyridine nucleotide-disulphide 
oxidoreductase 
PF07992 202,8 1,6E-57 Pyr_redox_2 Full PFAM 
10472 10758 Pyridine nucleotide-disulphide 
oxidoreductase 
PF07992 191,6 4E-54 Pyr_redox_2 Full PFAM 
10566 10583 Pyridine nucleotide-disulphide 
oxidoreductase 
PF00070 109 3,5E-31 Pyr_redox Full PFAM 
10567 10593 CAP160 repeat PF07918 15,3 0,0053 CAP160 Full PFAM 
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10619 10713 Pyridine nucleotide-disulphide 
oxidoreductase 
PF00070 109 3,5E-31 Pyr_redox Full PFAM 
10619 10713 Pyridine nucleotide-disulphide 
oxidoreductase 
PF00070 103,6 1,2E-27 Pyr_redox Full PFAM 
11375 11403 FAD dependent oxidoreductase PF01266 17 0,00027 DAO Full PFAM 
11375 11385 Pyridine nucleotide-disulphide 
oxidoreductase 
PF00070 109 3,5E-31 Pyr_redox Full PFAM 
11375 11488 Pyridine nucleotide-disulphide 
oxidoreductase 
PF07992 202,8 1,6E-57 Pyr_redox_2 Full PFAM 
11375 11653 Pyridine nucleotide-disulphide 
oxidoreductase 
PF07992 191,6 4E-54 Pyr_redox_2 Full PFAM 
11467 11492 CAP160 repeat PF07918 15,3 0,0053 CAP160 Full PFAM 
11467 11482 Pyridine nucleotide-disulphide 
oxidoreductase 
PF00070 109 3,5E-31 Pyr_redox Full PFAM 
11625 11653 Pyridine nucleotide-disulphide PF07992 202,8 1,6E-57 Pyr_redox_2 Full PFAM 
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oxidoreductase 
18915 18943 Protein of unknown function (DUF504) PF04457 15 0,0059 DUF504 Full PFAM 
19131 19157 Pyridine nucleotide-disulphide 
oxidoreductase 
PF07992 13,4 0,0058 Pyr_redox_2 Full PFAM 
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6.3.3 P locus gene mining 
The analysis of the roughly 60 kb fragment using Genome Database for Rosaceae (GDR) 
(Jung et al., 2008) and phytozome (http://www.phytozome.net/) (Goodstein et al., 2012) 
revealed that ten consensus gene sequences were present. The ten consensus transcript 
sequences were identified as MDP0000124858, MDP0000188322, MDP0000188323, 
MDP0000353405, MDP0000251344, MDP0000235846, MDP0000268909, 
MDP0000131323, MDP0000657246 and MDP0000244803 (Figure 6.4). 
 
MDP0000657246 and MDP0000128458 transcripts were the only two that were identified as 
being disease resistance related genes. Both these transcripts were also found on the negative 
frame, the same as all the predicted disease resistance domains from the Pfam domain search 
(section 6.3.2). The MDP0000657246 was identified on the contig MDC000294 as being a 
Leucine Rich Repeat protein kinase family (Figure 6.2). The presence of the 
MDP0000657246 transcript confirmed the evidence that had been presented using the Pfam 
domain search, which had a cluster of LRR on the negative frame (section 6.3.2). 
 
The MDP0000128458 locus was identified on contig MDC015161 as having Ser/Thr 
phosphatase 7 domains (Figure 6.3). The Ser/Thr phosphatase domains have been associated 
with the regulation of MAP kinase cascades that have been identified to be responsible for the 
induction of early defense responses in Arabidopsis theliana (Asai et al., 2002) The MAP 
kinase cascade has now also been associated with the induction of the hypersensitive response 
(HR) in tobacco (Pitzschke, Schikora, & Hirt, 2009), which was the response identified in 
progeny carrying the R-gene Vh4 (V. Bus et al., 2005). 
 
6.3.4 D locus gene mining 
The analysis of the 600 kb region using both GDR (Jung et al., 2008) and Phytozome 
(Goodstein et al., 2012) revealed the presence of two clusters of ABC-PDR genes. 34 
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consensus gene sequences were detected for this region. Just as predicted by the Full Pfam 
domain prediction ABC-PDR transporter genes were also identified in two clusters around the 
240 and 280 kb regions of the 600 kb fragment (Figure 6.5) 
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Figure 6.1: Graphic representation of MDP0000657246 transcript from Phytozome (Goodstein et al., 2012) genome browser. 
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Figure 6.2: Graphic representation of MDP0000128458 transcript from Phytozome (Goodstein et al., 2012) genome browser. 
 
 
 
 
 
 Page  
 
229 
 
 
Figure 6.3: A snapshot of the graphical representation of the 60 kb alignment to the annotated Malus domestica Borkh. Cv ‘Golden Delicious’ reference genome 
from GDR (http://www.rosaceae.org/gb/gbrowse/malus_x_domestica/) (Jung et al., 2008). 
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Figure 6.4: A snapshot of the graphical summary of the 60 kb alignment to the annotated Malus domestica Borkh. Cv ‘Golden Delicious’ reference genome 
from GDR (http://www.rosaceae.org/gb/gbrowse/malus_x_domestica/) (Jung et al., 2008). 
Leucine Rich Repeat Ser/Thr phosphatase-7 
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Figure 6.5: A snapshot of the graphical summary of the 600 kb alignment to the annotated Malus domestica Borkh. Cv ‘Golden Delicious’ reference genome from 
GDR (http://www.rosaceae.org/gb/gbrowse/malus_x_domestica/) (Jung et al., 2008). 
 
ABC-PDR cluster ABC-PDR cluster 
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6.4 P and D QTL Discussion 
6.4.1 D locus analysis 
The Pfam domain search of the D locus revealed that most of the disease resistance related 
predicted domains were detected on its negative frame. The negative frame of the D locus region 
(≈ 600 kb) had clusters of ABC transporter proteins and the gene mining (Figure 6.5) also 
confirmed the presence of these genes. The most important of the ABC complexes is the one that 
contained the Pleiotropic Drug Resistance motifs (PDR). PDR related genes have only been found 
in plants and fungi (Crouzet, Trombik, Fraysse, & Boutry, 2006). Apart from playing a role in the 
transportation of crucial nutrients such as carbohydrates and amino acids, ABC (PDR) complexes 
play a major role in the secretion of toxic compounds from the cell and are therefore termed 
multidrug resistance proteins as they infer resistance to drugs in fungi They play a role in phase 
III of detoxification (Schulz & Kolukisaoglu, 2006).  
 
Among the most characterised of the ABC (PDR) family is PDR5, which has been found to 
confer resistance to antifungal secretions from the host plant. In Magnaporthe grisea ABC1 
(PDR) has been identified as important for the infection of rice by transporting out fungal cell 
antimicrobials synthesized by the plant (Urban, Bhargava, & Hamer, 1999), this has also been 
noted for Gibberella pulicar , as it also excretes the host of fungitoxic compounds produced by 
the potato tuber (Fleiβner, Sopalla, & Weltring, 2002). Therefore, since most of the defense 
systems in plants are usually gene-for-gene interactions, it has been proposed that plant PDR 
transporters have also evolved in a way to counter the fungal PDR genes (Crouzet et al., 2006). 
The first direct evidence of plant defenses derived from PDRs was obtained when transgenic 
Nicotiana plumbaginifolia plants were prevented from expressing NpPDR1 through RNA 
interference and were susceptible to infection with Botrytis cinerea, unlike the untransformed 
plants that remained resistant to infection (Stukkens et al., 2005).  
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The LR34 protein that resembles an ABC (PDR) gene was then identified as the gene conferring 
durable disease resistance in adult rice plants to stripe rust, powdery mildew and leaf tip necrosis. 
It was shown that mutations in the putative ABC gene leading to either splice site mutations 
presenting as strongly reduced splicing efficiency or mis-splicing, amino acid exchanges, frame 
shifts or premature stop codons resulted in the adult rice plant being susceptible to these diseases 
(Krattinger et al., 2009). This data shows the importance of PDR derived ABC transporters in the 
fungal resistance to host plant defense systems.  
 
The D locus also had protein kinase domains, which are well known for their role in plant disease 
resistance (section 1.3.4.3). Some classical resistances based on a combination of LRRs and 
protein kinase domains have been identified. The Xa21 gene that confers resistance to bacterial 
pathogens in rice is a classical example that has been characterized as having extracellular LRRs 
and a transmembrane protein kinase (Song et al., 1997). 
 
6.4.2 P locus analysis 
The P locus had a cluster of LRRs that were predicted using a full Pfam domain search for its 
negative frame. It has been noted that disease resistance related genes usually cluster on a 
chromosome in plants (Gururani et al., 2012), therefore such a cluster was in line with current 
knowledge about disease resistance gene architecture The the NBS-LRR class of resistance genes 
is the most prevalent in plants with classical examples such as flax L6 in rice (M. Tamura & 
Tachida, 2011) and the Cf genes in tomato which are extracytoplasmic LRRs (Parniske et al., 
1997). In apples the Vf gene was found to have paralogs  (Vfa1, Vfa2 and Vfa3) that were 
predicted to encode extracellular LRRs (M. X. a. S. S. Korban, 2002). The Pfam prediction of the 
presence of an LRR gene in the P locus was then confirmed with the identification of an LRR 
cluster of candidate genes from the analysis of the Malus genome at Phytozome (Goodstein et al., 
2012) and the Genome database for Rosaceae (GDR) (Jung et al., 2008). The consensus gene 
sequence MDP0000657246 was identified as being within this locus (Figure 6.1), hence this LRR 
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gene is very highly likely to be a one of the candidate genes for the apple scab resistance being 
observed. 
 
The P locus also had a Serine/Threonine phosphatase-7 that was identified as transcript 
MDP0000128458. The Ser/Thr phosphatase regulates the phosphorylation of Mitogen-Activated 
Protein Kinase (MAKP) genes. The dephosphorylation of the threonine residue within the MAPK 
active site leads to its inactivation (Bartels, Besteiro, Lang, & Ulm, 2010). The MAPKs have been 
identified as a major pathway for the detection of extracellular stimuli and transducing them into 
intracellular responses. Evidence has suggested that MAPK cascades are the converging point for 
the perception for different pathogens by the cell and the different elicitor responses initiated 
(Shuqun Zhang & Klessig, 1998). This has lead to the hypothesis that MAPK cascades are 
involved in the hypersensitive response (HR) that is frequently associated with plant disease 
resistance (Yang, Liu, & Zhang, 2001). Since plant defense responses are initiated by the 
detection of extracellular pathogen, which are usually mediated by gene-for-gene interactions 
between the plant R-genes and the pathogens AVR-genes (Gururani et al., 2012), therefore 
MAPK pathways are vital to disease response systems. These external pathogen signals have to 
be transduced into the cell in order to elicit a response.  
 
It was demonstrated that expression of a constitutively active mutant of NtMEK2 an MAPK 
kinase, induces HR-like cell death in tobacco (Yang et al., 2001). The NtMEK2 gene is in a 
cascade with two other MAPK kinase genes, salicylic acid induced protein kinase (SIPK) and 
wounding induced protein kinase (WIPK). This cascade has been shown to induce multiple 
defense responses against pathogens (X. Zhang, Cheng, Wang, Yan, & Xia, 2013). The 
association of the MAPK cascade with a the initiation of a HR after infection adds weight to the 
notion that the Ser/Thr phophatase (MDP0000128458) detected for the D locus is a strong 
candidate gene since the infection of apples with race 4 of apple scab elicits a hypersensitive 
response (V. Bus et al., 2005). The publication of the Malus x domestica Borkh cv Golden 
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Delicious genome made it possible for a comprehensive study of the MAPK family of genes in 
apple. A total of 26 putative MAPK genes were identified and positioned within the apple 
genome. Through this analysis a cluster of five putative MAPK genes was mapped to the 
proximal region of chromosome two (Shizhong Zhang, Xu, Luo, Jiang, & Shu, 2013). 
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Figure 6.5: Plant Mitogen Activated Protein Kinase (MAPK) cascade activation pathways and 
downstream substrates (Meng & Zhang, 2013). 
Plant MAPK cascades are highly conserved signaling modules that have a significant role in transducing 
extracellular stimuli into intracellular responses in plant defenses against pathogen attack. The activation of 
MAPKs is induced once a plant detects PAMPs or MAMPs and other pathogen effectors. MAPK cascades then 
signal multiple defense responses, depending on the effector detected, these responses include the biosynthesis or 
the signaling of plant defense hormones such as ethylene, reactive oxygen species (ROS) generation, stomatal 
closure, defense gene activation and hypersensitive response cell death. 
 
6.4.3 P and D QTLs in relation to known apple scab resistance genes on 
LG 02 
The use of co-dominant, transferable markers such as SSRs and SNPs in the construction of 
genetic linkage maps for apple has made it possible to determine genomic relationships between 
genes detected in different mapping populations. Apple scab resistance genes found on LG 02 
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from different research groups have been delineated in order to present a clear and orderly 
arrangement of the genes on LG 02 (V. G. M. Bus et al., 2004) as it has been identified as one of 
the regions on the apple genome rich with disease resistance gene clusters (Calenge, Van der 
Linden, et al., 2005). Therefore, the two QTLs detected in this study were also subjected to a 
comparison with the known major genes on LG 02 (Table 5.9). 
 
‘Russian Seedling’ was then screened with four primers sets used in the identification of genes 
Vh2 and Vh4 (personal communication, Pattochi, A.). ‘Russian Seedling’ was also screened with 
14 SSRs and were found to produce identical amplification products to ‘Russian apple’ R12740-
7A (personal communication, Pattochi, A.). Therefore, the ‘Russian Seedling’ used in this study 
can safely be refereed too as either an accession or is the same as ‘Russian apple’ R12740-7A. A 
BLAST search of the amplification products from the four primer sets used for the identification 
of genes Vh2 and Vh4 was conducted against chromosome two from the NCBI genome database.  
 
This led to the alignment of the two amplification products from Vh2 to a region spanning from 29 
790 272 to 30 245 537 bp on chromosome two. The Vh2 locus was then found to coincide with 
the D QTL region of linkage group two of the ‘Russian Seedling’ x ‘Golden Delicious’ mapping 
population as two SNP markers (R_32981524 and R_32422411) defining the D. QTL mapped 
between 29 981 464 bp and 29 422 473 bp. Therefore the two SNPs were able to narrow down the 
locus in which the Vh2 gene can be found to 600 kb. The two SNPs R_32981524 and 
R_32422411 SNPs were situated at 42.4 cM and 43.3 cM, respectively (Table 6.3). Vh2 has been 
mapped to the distal end of LG 02 in the ‘Russian apple’ R12740-7A (V. Bus et al., 2005).  
 
The two amplification products from the Vh4 region were then mapped to chromosome two of the 
apple genome from NCBI were found to encompass a region ranging from 8 557 033 to 9 012 
152 bp. The apple scab resistance gene Vh4 has also been detected on LG 02 and was defined by a 
co-segregating SSR (Table 5.7) on ‘Russian apple’ R12740-7A and is located at the proximal end 
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of the linkage group (V. Bus et al., 2005). Due to the recombinant events that were observed in 
the ‘Russian Seedling’ x ‘Golden Delicious’ mapping population, the P QTL on ‘Russian 
Seedling’, which was detected for apple scab resistance and delimited by SNPs 
R_8936738_LG02 (15.1cM) and R_8922212_LG02 (15.3cM) (Table 6.4), coincided with Vh4. 
Mapping of the two SNP markers to chromosome two from NCBI narrowed down the region to 
between 8 500 554 and 8 556 272 bp. The boundaries of the two regions were statistically defined 
through the use of BLAST and are not in reference to the recombinant events that events that are 
observed in any bi-parental outcrossing full sib population such as the ‘Russian Seedling’ x 
‘Golden Delicious’ mapping population. This translated into a 60 kb region in which the two 
candidate genes for Vh4 were detected (section 6.4.3). 
 
The use of 14 SSRs to ascertain the identity of ‘Russian Seedling’ presented proof that it was 
‘Russian apple’ R12740-7A or a very close accession. Therefore the two candidate genes (the 
LLR gene and the Ser/Thr phosphatase) detected for the 60 kb region are candidate genes for the 
Vh4 gene and the cluster of ABC-PDR gene in the 600 kb region need to be probed further in 
order to detect a candidate gene/s for the Vh2 gene. 
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6.5 Summary 
A survey of the two apple scab resistance QTLs P and D was conducted in order to detect the 
putative genes on the natural gene pyramid LG 02 of this Malus species. This resulted in two 
candidate genes being detected in the P locus. Through the use of transferable SSRs it was 
possible to determine that the two apple scab resistance QTLs P and D coincided with the regions 
in which the Vh2 and Vh4 (Table 5.7) apple scab resistance genes had been mapped for in a 
‘Russian apple’ R12740-7A based population. Therefore the two candidate genes detected for the 
P QTL are highly likely the two candidate genes for the Vh4 gene. Whilst the clusters of ABC 
transporter proteins found in the D locus indicate a presence of disease resistance related genes. 
The release of the apple genome has also allowed for the positioning of markers linked with genes 
of interest on the genome. This gives researchers an indication of the relatedness of QTLs 
detected from genetic maps of different genetic backgrounds.  
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Chapter 7 Phylogenetic analysis of the mapping parents  
7.1 Introduction 
The availability of high throughput next generation sequencing (NGS) technologies has presented 
researchers with a wide range of opportunities for the investigation of plants. NGS technologies 
have far outstripped Sanger sequencing (Sanger, Nicklen, & Coulson, 1977) in terms of time and 
amount of data generated and the relatively short period in which the data is generated. These 
methods have facilitated for the generation of gigabases worth of data in a single round of 
sequencing (Egan, Schlueter, & Spooner, 2012). Due to the availability and cost effectiveness of 
the current NGS technologies it has become possible for researchers to sequence complete 
eukaryotic genomes and transcriptomes thus answer a variety of biological questions (Bräutigam 
& Gowik, 2010).  
 
Due to the cost effective nature of sequencing using NGS technologies, it has become possible to 
perform targeted and whole genome sequencing experiments as shown by the large number of 
draft or partially completed genomes present in the public databases such as those for grapevine 
(R Velasco et al., 2007), Malus (Riccardo Velasco et al., 2010) and Solanum tuberosum (Xu et al., 
2011) among many eukaryotic genomes that have been published. These genomes have enabled 
the researcher to investigate evolutionary trends within eukaryotes as well as identify genes of 
agronomic importance among other things. 
  
This chapter will deal with the processing of all the next generation sequence data generated 
through the Illumina sequencing HiScan SQ platform and phylogenetic analysis of the parents for 
the three mapping populations. The phylogenetic analysis was performed in order to infer the 
genetic distances between the four genotype used for mapping and also due to the fragmentation 
observed in two of the three integrated maps in chapter 5 (‘Russian Seedling’ x ‘Golden 
Delicious’ and Malus platycarpa x ‘Golden Delicious’). The whole mtDNA and data from the 
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apple SNP chip for the five parents was then used to perform phylogenetic analysis, in order to 
determine the genetic relatedness of ‘Golden Delicious’, ‘Russian Seedling’, Malus platycarpa, 
Malus sieversii and ‘Mildew Resistant’. 
 
7.2 Re-sequencing Analysis 
Re-sequencing of ‘Anna’, Malus platycarpa, Malus sieversii, ‘Mildew Resistant’ and ‘Russian 
Seedling’ generated at least 7 Gb of data each (Table 6.1), after quality and adapter trimming had 
been performed.  
Table 7.1: Re-Sequencing data for five founder parents as generated by Illumina sequencing and quality 
trimmed. 
 
Parent Data Generated Reads (Million) Depth 
Anna 7.12 Gb 34  4X 
Malus platycarpa 7.84 Gb 49  5X 
 Malus sieversii 9.12 Gb 76  7X 
‘Mildew Resistant’ 9.24 Gb 61  6X 
‘Russian Seedling’ 116.8 Gb 482  60X 
 
7.3 Mitochondrial and SNP data phylogenetic analysis 
7.3.1 Mapping of sequence reads to the Malus x domestica (Borkh) 
mitochondria genome 
 
All the mitochondrial genome alignments were performed using CLC Genomics Workbench 6.0.2 
(CLC Bio, Denmark) section 2.5.3.4. The final alignments and assembly of the mitochondrial 
genomes from the five genotypes, generated circular genomes and were within the average range 
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of the Malus x domestica Borkh. mitochondrial reference genome of 396 kb (Riccardo Velasco et 
al., 2010). 
Table 7.2: Lengths of the aligned mitochondrial genomes from the five founder parents. 
 
Parents  Length bp Deletions Insertions 
Malus x domestica Borkh 
cv ‘Anna’ 
396 941 7 0 
 Malus sieversii 396 932 16 1 
Malus platycarpa 396 911 42 7 
‘Mildew Resistant’ 396 933 15 1 
‘Russian Seedling’ 396 937 13 2 
Malus x domestica Borkh 
cv Golden Delicious 
396 947 - - 
 
All the five mitochondrial sequences had nucleotide variations in terms of deletions and insertions 
observed with relation to the reference mitochondrial. Malus platycarpa had the highest number 
of variants (Table 7.2), with ‘Anna’ a Malus x domestica cultivar having least variations of seven 
deletions from the reference mitochondrial genome (Table 7.2). 
 
The CLC Genomics Workbench 6.0.2 (CLC Bio, Denmark) mapping of the trimmed reads and all 
mapping statistics from the five genotypes are as shown below in Tables 7.3 to 7.7. The five 
genotypes had varying percentages of reads aligning to the reference genome mitochondria. This 
was expected, as the number of paired end reads generated also varied and also due to the natural 
variations that were detected during the alignments. 
Table 7.3: ‘Anna’ mitochondrial mapping summary. 
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 Count Percentage of reads Average length 
References 1 - 396 kb 
Mapped reads 406 923 1.18 % 79 bp 
Not mapped reads 34 067 939 98.82 % 79 bp 
Total reads 34 474 862 100 % 79 bp 
 
Table 7.4: Malus sieversii mitochondrial mapping summary 
 
 Count Percentage of reads Average length 
References 1 - 396 kb 
Mapped reads 985 107 1.29 % 79 bp 
Not mapped reads 75 236 185 98.7 % 79 bp 
Total reads 76 221 292 100 % 79 bp 
 
Table 7.5: ‘Mildew Resistant’ mitochondrial mapping summary 
 
 Count Percentage of reads Average length 
References 1 - 396 kb 
Mapped reads 572 311 0.94 % 79 bp 
Not mapped reads 60541 991 99.06 % 79 bp 
Total reads 61114 302 100 % 79 bp 
 
Table 7.6: Malus platycarpa mitochondrial mapping summary 
 
 
 
 
 
 Page  
 
244 
 Count Percentage of reads Average length 
References 1 - 396 kb 
Mapped reads 918 537 1.87 % 79 bp 
Not mapped reads 48634 002 98 % 79 bp 
Total reads 49063 004 100 % 79 bp 
 
Table 7.7: ‘Russian Seedling’ mitochondrial mapping summary 
 
 Count Percentage of reads Average length 
References 1 - 396 kb 
Mapped reads 8568641 1.99 % 100 bp 
Not mapped reads 421070907 98.01 % 100 bp 
Total reads 429639548 100 % 100 bp 
 
 
7.3.2 Phylogenetic analysis without bootstrapping 
The initial phylogenetic analysis was performed without bootstrapping and was unrooted using 
MEGA 5.1 (K. Tamura et al., 2011). Both the SNP chip data and the mitochondrial alignments for 
the five parents (‘Anna’, Malus platycarpa, Malus sieversii, ‘Mildew Resistant’ and ‘Russian 
Seedling’) were aligned in MEGA 5.1 (K. Tamura et al., 2011) using the Maximum Likelihood 
and Neighbor-Joining inference of phylogeny methods to produce phylogenetic trees shown 
below in Figures 7.5, 7.6, 7.7 and 7.8. In the case of the SNPs, two other founder parents 
‘Priscilla’ and ‘Prima’ were included in the analysis. The phylogenetic analysis has shown that 
‘Russian Seedling’ and Malus sieversii are closely related using both the whole mitochondrial 
genome and the SNP data. The number of informative sites from the five alignment was 19 001 
sites representing about 5 % of the aligned sites. 
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Figure 7.1: An unrooted Maximum Likelihood phylogenetic tree of mitochondrial DNA.  
From the (top) Malus platycarpa, ‘Golden Delicious’, ‘Mildew Resistant’, ‘Anna’, ‘Russian Seedling’ and Malus 
sieversii. 
 
 
 
Figure 7.2: An unrooted Neighbor-Joining phylogenetic tree of mitochondrial DNA.  
From the (top) Malus platycarpa, ‘Golden Delicious’, ‘Mildew Resistant’, ‘Anna’, ‘Russian Seedling’ and Malus 
sieversii. 
!!!!!!!!!
Malus&platycarpa!!‘Golden!Delicious’!‘Mildew!Resistant’!
Anna’!
‘Russian!Seedling’!!
Malus&sieversii&!
!!!!!!!!!
Malus&platycarpa!!‘Golden!Delicious’!‘Mildew!Resistant’!
Anna’!
‘Russian!Seedling’!!
Malus&sieversii&!
 
 
 
 
 Page  
 
246 
 
Figure 7.3: An unrooted Maximum Likelihood phylogenetic tree of SNPs.  
From the (top)  ‘Golden Delicious’, ‘Priscilla’, ‘Anna’, ‘Prima’, ‘Mildew Resistant’ Malus platycarpa, ‘Russian 
Seedling’ and Malus sieversii . 
 
 
Figure 7.4: An unrooted Neighbor-Joining phylogenetic tree of SNPs.  
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From the (top)  ‘Golden Delicious’, ‘Priscilla’, ‘Anna’, ‘Prima’, ‘Mildew Resistant’ Malus platycarpa, ‘Russian 
Seedling’ and Malus sieversii. 
 
The phylogenetic analysis using MEGA 5.1 (K. Tamura et al., 2011) shows that the four parents 
used for mapping were distant from each other. This is shown by ‘Russian Seedling’ being 
closely related to Malus sieversii than it is to ‘Golden Delicious’, which was used as the male 
parent in the ‘Russian Seedling’ x ‘Golden Delicious’ mapping population. ‘Mildew Resistant’ 
and Malus platycarpa also fall into different clades and are not closely related (Figures 7.5, 7.6, 
7.7 and 7.8). However, ‘Mildew Resistant’ was found to be relatively close to the Malus x 
domestica cultivars. 
 
7.3.3 Phylogenetic analysis with bootstrapping 
The phylogenetic analysis with bootstrapping was carried out using CLC Genomics Workbench 
6.0.2 (CLC Bio, Denmark). The aligned mitochondrial genomes and data from the apple SNP 
chip were employed for the creation of the phylogenetic trees for the five parents (‘Anna’, Malus 
platycarpa, Malus sieversii, ‘Mildew Resistant’ and ‘Russian Seedling’). ‘Priscilla’ and ‘Prima’ 
were also used for the resolution of the SNP based trees as illustrated in Figures 7.11 and 7.12.  
 
 
Figure 7.5: An unrooted Maximum Likelihood phylogenetic tree of mitochondrial DNA.  
From the (top), ‘Mildew Resistant’, ‘Golden Delicious’, ‘Anna’, Malus platycarpa, Malus sieversii and ‘Russian 
!!!!!!!!!
‘Mildew!Resistant’!!‘Golden!Delicious’!!‘Anna’!
Malus&platycarpa!!‘Russian!Seedling’!!
Malus&sieversii&!
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Seedling’. 
 
Figure 7.6: An unrooted Neighbor-Joining phylogenetic tree with bootstraping of mitochondrial DNA  
From the (top), ‘Mildew Resistant’ ‘Golden Delicious’, ‘Anna’, Malus platycarpa, ‘Russian Seedling’ and Malus 
sieversii. 
 
 
Figure 7.7: An unrooted Maximum Likelihood phylogenetic tree of SNPs.  
From the (top) Malus platycarpa, ‘Russian Seedling’, Malus sieversii, ‘Mildew Resistant’, ‘Golden Delicious’, 
‘Priscilla’, ‘Anna’ and ‘Prima’. 
 
!!
!!!!!!!
‘Mildew!Resistant’!!‘Golden!Delicious’!!‘Anna’!
Malus&platycarpa!!‘Russian!Seedling’!!
Malus&sieversii&!
100!100!
52!
!!!!!!!!!!!
Malus&platycarpa!!
‘Russian!Seedling’!
Malus&sieversii&
‘Golden!Delicious’!
‘Priscilla’!‘Anna’!‘Prima’!
‘Mildew!Resistant’!
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Figure 7.8: A Neighbor-Joining phylogenetic tree of SNPs.  
From the (top) Malus platycarpa, ‘Russian Seedling’, Malus sieversii, ‘Golden Delicious’, ‘Priscilla’, ‘Anna’, 
‘Prima’ and ‘Mildew Resistant’. 
 
Bootstraping with 1000 iterations was employed with the CLC Genomics Workbench 6.0.2 (CLC 
Bio, Denmark) analysis. Bootstraping was only performed with the Neighbor-Joining analysis and 
the percentage reliability of the branching ranged from 52 to 100% (Figure 7.10) with the whole 
mitochondrial analysis and ranged fro m 35 to 100% with the SNP data (Figure 7.12). The 
phylogenetic analysis also grouped ‘Russian Seedling’ next to Malus sieversii indicating that the 
two are closely related just as was inferred using the analysis without bootstripping. ‘Mildew 
Resistant’ was also found to be relatively close to the Malus x domestica cultivars also detected in 
the analysis without boostraping. 
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7.3.4 Annotation of the mitochondrial genomes 
 
The circular mitochondrial genome sequences for all the five Malus species and cultivars were 
annotated using Mitofy (Alverson et al., 2010) an extension of Dual Organellar GenoMe 
Annotator (DOGMA) (Wyman, Jansen, & Boore, 2004) (section 2.5.4). These were shown to 
contain ORFs consistent with other angiosperm mtDNA genes. The final master circles all had the 
average expected sizes of other angiosperm mtDNA genomes of around 414 kb (Chaw et al., 
2008).  
 
7.3.4.1: Gene output  
In order to fully annotate the five mtDNA genome sequences an annotation sheet with the 
possible ancestral genes from other plants was used (Figure 7.2) All five genotypes had 33 genes 
that had to be annotated manually using the BLAST output file that is shown in Figure 7.2.  
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 Figure 7.9: Partial screenshot showing the HTML-formatted output for the gene atp1 from the 
‘Anna’ mitochondrial genome. 
A header which has the gene name and size range of the gene in the database (atp1 (506-816 AA)), the amino acid 
sequence, conceptual translation of the query sequence, the nucleotide sequence (nt) and finally the coordinates 
for the query are listed below the nucleotide sequence. For protein coding genes putative start codons and stop 
codons were indicated in green and red respectively. 
 
All the 33 genes annotated had an ancestry sequence from the genes in the Mitofy (Alverson et 
al., 2010) local database. Therefore the identification of the start and stop codons of the genes was 
in relation to known mitochondrial genes from other angiosperms that have been annotated. As 
stated above, protein coding genes putative start codons and stop codons were indicated in green 
and red respectively. A gene was then selected based on the most appropriate start and stop 
codons that best cover coding region from query sequences, which were the five parents. The 
annotation of the five mitochondrial genomes resulted in a total of 33 protein-coding genes being 
identified in all the five-mitochondrial genomes. 
 
The sequence of the protein coding genes as well as the organisation of these genes was similar 
within the five mitochondrial genomes.  
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7.3.4.2: tRNA output  
The annotation of the tRNAs was slightly different from the gene annotation. The output in 
Figure 7.3 is the partial screen snapshot of the tRNAs annotation panel. The BLASTn output gave 
an indication of the ancestry of that particular tRNA. The tRNAscan (Schattner, Brooks, & Lowe, 
2005) output gives precise boundaries and identifies the anticodons, a COVE (Eddy & Durbin, 
1994) score was also provided. The COVE score for the tRNA is in bits and this is a score used to 
determine if an observed sequence is a true tRNA. The covariance model used to determine the 
COVE scores was the eukaryotic-specific one. The tRNAs were then selected based on cutoff 
COVE value of 20 bits based on empirical studies conducted (Eddy & Durbin, 1994). Any tRNA 
with a COVE score below 20 bits was considered to be a fails tRNA and was rejected. If the 
tRNA had no COVE value the ancestral tRNA with the highest match was picked. 
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Figure 7.10: Partial screenshot showing the HTML-formatted output for the tRNA Asn from the 
‘Anna’ mitochondrial genome. 
Two panels were generated, with the first panel being a summary of the BLASTn output, whilst the second panel 
representing a summary of the tRNAscan-SE output (Schattner et al., 2005). All the annotations were based on 
the tRNAscan output because the scripts from this output would automatically fill in the genome coordinates 
and anticodon information. This was done in the annotation form. 33 putative tRNAs were detected and 
annotated, with four of the tRNA that were found as not having an ancestral alignment during BLAST (trnH, 
(Histidine), trnM, (Methionine), trnT, (Threonine) and trnW (Tryptophan)). This means that these four tRNAs 
are not homologous to any known tRNAs from angiosperms and had there coordinates determined using the 
COVE score only. 
 
The five annotated and circularized Malus spp mitochondrial genomes were produced using 
Organelle Genome DRAW (OGDRAW) using the ASN files (Figures 7.11 and Appendix 3). 
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Figure 7.11: The annotated mitochondrial genome of ‘Mildew Resistant’ 
Names of genes that make up the mitochondrial apparatus are indicated on top of the regions. The complexes 
that make up the angiosperm mitochondria have been indicated on the key to the left, with the maor complexes 
responsible for ATP production being present. 
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7.4 Genetic Analysis Discussion 
7.4.1 Re-sequencing analysis 
Whole genome shotgun sequencing was used to re-sequence the five parental DNA samples 
(‘Mildew Resistant’ ‘Golden Delicious’, ‘Anna’, Malus platycarpa, ‘Russian Seedling’ and 
Malus sieversii) using the Illumina HiScan SQ (Illumina, San Diego, USA). The five gDNA 
samples were sequenced to varying degrees of depth. ‘Russian Seedling’ was sequenced to give a 
sequencing depth of 60X, whilst the other four where sequenced to give an average of 5X depth 
(Table 6.1). ‘Mildew Resistant’, ‘Anna’, Malus platycarpa and Malus sieversii where sequenced 
to a low depth since the sequences were then used for phylogenetic analysis only. 
 
7.4.2 Read mapping and phylogenetic analysis 
After the construction of the three genetic linkage maps with the three marker systems, dense 
genetic maps were expected with complete linkage groups. However, two of the genetic linkage 
maps presented with five linkage groups that were fragmented. One of the main reason for 
fragmented genetic linkage maps is when the parents for a mapping population are genetically 
distant (D. Chagné et al., 2004). Therefore, it was determined that the relatedness of the four 
parents used for the construction of the genetic linkage maps be inferred through the analysis of 
the apple SNP chip data and constructing whole mitochondrial genomes from the re-sequencing 
data. 
 
The re-sequencing analysis was performed using the Illumina HiScan SQ (Illumina.inc, San 
Diego, USA) and resulted in varying amounts of paired end reads being generated ranging from  
(‘Anna’ = 6X), to (‘Russian Seedling’ = 60X) coverage of high quality paired-end reads with an 
average read length of 79 bp after trimming. These paired-end reads were then employed in the 
mapping of the whole mitochondrial genomes of all the five parentals for the phylogenetic 
analysis. 
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7.4.2.1 Phylogenetic analysis 
The phylogenetic analyses were performed using MEGA 5.1 (K. Tamura et al., 2011) and CLC 
Genomics Workbench 6.0.2 (CLC Bio, Denmark). The use of mitochondrial genomes to carry out 
the phylogenetic analysis brings certain advantages, such as the stability of plastid genomes as 
they do not have high rates of recombination (Waters, Nock, Ishikawa, Rice, & Henry, 2012). The 
low sequence similarity of distant genotypes hampers the comparison and recognition of 
orthologous regions using the convectional methods. However, comparison at the sequence level 
is much more sensitive to the extent that even regions from distantly related species can be 
analysed (Schmidt, 2002). Thus, the use of sequence data to create phylogenetic relationship was 
employed. Due to this stability in mitochondrial genomes any variations detected could be used 
with a high degree of certainty to place that particular genotype into a specific clade.  
 
The five-mitochondrial genomes had varying lengths ranging from (Malus platycarpa) 396 911 
bp to (‘Anna’) 396 941 bp. ‘Anna’ had the closest number of nucleotides to the reference cv. 
‘Golden Delicious’ of 396 947 bp. They had the least number of deletions seven and insertions 
zero between them (Table 7.2). This relationship was also shown with the phylogenetic analysis 
from CLC Genomics Workbench 6.0.2 (CLC Bio, Denmark) calculations that showed how 
phylogenetically close the Malus x domestica Borkh cultivars were related as shown in Figures 
7.1 to 7.8. Malus platycarpa had the highest degree of variation from the other genotypes. It had 
42 deletions and 7 insertions (Table 7.2) when aligned to the cv ‘Golden Delicious’ mitochondrial 
genome. This nucleotide difference was evident in the phylogenetic inferences as seen by Malus 
platycarpa being in its own clade (Figures 7.1 to 7.8). Roughly 5 % of the aligned nucleotides 
were informative (Section 7.3.2) and were able to differentiate between the four genotypes. 
Therefore the four genotypes were roughly 95 % similar and this was also shown in the similarity 
of the gene coding regions after the annotation of the four mitochondrial genomes. Despite the 
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near similarity in the number of nucleotides in all the five mitochondrial the phylogenetic 
inference was strong resulting in clades with between 95 to 100 % support with bootstripping 
(Figure 7.8).  
 
All the phylogenetic analyses showed that ‘Russian Seedling’ and Malus sieversii are closely 
related Figures 7.1 to 7.8 and were genetically distant from the Malus x domestica varieties 
(‘Golden Delicious’, ‘Anna’, ‘Prima’ and ‘Priscilla’). This was supported by the clade 
representing the Malus x domestica varieties (‘Golden Delicious’, ‘Anna’, ‘Prima’ and ‘Priscilla’) 
having a 98 % score after bootstrapping. The clade with the two species Malus sieversii and 
‘Russian Seedling’ also received 100 % support after bootstrapping Figure 7.8. This provided 
further support that Malus sieversii and ‘Russian Seedling’ are closely related. Boudichevskaia 
(2009) also stated that Malus sieversii and ‘Russian apple’ are closely related after performing 
phylogenetic analysis of Vf related proteins from the two Malus spp. Over 40 types of M. sieversii 
have been reported in the Xingjiang Autonomous region of China, which is adjacent to Russia 
(Zhi-Qin, 1999). As China borders Russia on the north, it can be expected that Chinese wild 
species could have spread to Russia and would have contributed to the development of some 
Russian species such as ‘Russian Seedling’ (Yan, Long, Song, & Chen, 2008) as plants do not 
have political boundaries.  
 
The SNP phylogenetic trees also supported the putative evolutionary distances between the six 
parentals ‘Golden Delicious’, ‘Anna’, ‘Mildew Resistant’ and the three Malus spp that had been 
calculated using CLC Genomic Workbench 6.0.2 (CLC Bio, Denmark). All the analysis 
performed with the SNPs indicated that ‘Russian Seedling’ was closely related to Malus sieversii 
than to any of the other Malus spp. 
 
 
 
 
 
 Page  
 
258 
7.4.2.2 Apple mitochondrial alignments 
The Mitochondrial DNA (mtDNA) of the Malus spp is a circular molecule. Mitochondrial 
genomes are a robust tool for establishing genetic relationships among species (Waters et al., 
2012). The mitochondrial genome sequences of the five Malus species were attained through 
reference guided assembly of the paired-end read sequences to the reference sequence from the 
mitochondrial assembly of Malus x domestica Borkh (Tables 6.8 to 6.12). This alignment of the 
five mitochondrial genomes gave varying lengths, which are shown in Table 6.2. The percentage 
of reads that aligned from the sequence data ranged from 1.87 % (Malus platycarpa) to 1.99 % 
(‘Russian Seedling’) (Tables 7.3 to 7.7) of the total paired-end reads. This was expected as the 
varying amounts of the pair end sequence data had been generated for the five founder parents. 
All the five mtDNAs had an average G + C content of 45.4 %, which has been observed to be the 
average in most angiosperm mitochondrial genomes (Notsu et al., 2002).  
 
A total of 33 protein-coding genes were identified in all the five-mitochondrial genomes, this was 
in line with the number of protein coding genes detected on the reference mitochondrial genome 
of Malus x domestica Borkh (Goremykin, Lockhart, Viola, & Velasco, 2012). This number of 
genes is considered to be the average number of protein-coding genes in seed plant mtDNAs 
(Chaw et al., 2008). As would be expected from the mitochondria, most of its genes code for 
components of the respiratory chain and ribosomal proteins. This is shown by the presence of 
three gene copies for genes in the NAD-complex. Three copies of nad1, nad2 and nad5 were 
present in all the mtDNAs. Four open reading frames for genes coding for the small ribosomal 
subunit were identified in all the mtDNAs, rps1, rps3, rps4 and rps12. The apple mtDNA has 
been noted to have undergone a significant gene loss in terms of ribosomal proteins (Goremykin 
et al., 2012) and this was also so supported by the these results. Several ribosomal protein-coding 
genes were absent from the mtDNA. The absence of a gene from the mtDNA means that the 
corresponding gene has been transferred to either the nucleus (nucDNA) or chloroplast. In apple, 
the loss of a functional gene from the mtDNA has been balanced with the presence of divergent 
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gene copies in the nucDNA (Goremykin et al., 2012). This would lead to the gene functioning 
through cytosolic protein synthesis, which is followed by peptide-assisted import back to the 
mitochondria (Chaw et al., 2008). The loss and transfer to the nucleus of ribosomal protein-
coding genes has been found to be frequent during the evolution of angiosperms (Adams & 
Palmer, 2003). Goremykin et al., (2012) identified several pseudogenes within the mtDNA and 
these were also observed in these alignments. Pseudogenes were identified primarily by the 
presence of premature termination codons within a sequences’ best open reading frame (ORF). 
 
tRNAs were recruited into the mtDNA as their genomes increased in size. However, the increase 
did not extend the coding capacity of mitochondrial genomes (Adams & Palmer, 2003). 
Putatively, 33 tRNAs were detected in all the five mtDNAs using tRNAscan-SE (Schattner et al., 
2005). Of the 33 putative tRNAs four did not posses an ancestral alignment during BLAST (trnH, 
(Histaidine), trnM, (Methionine), trnT, (Threonine) and trnW (Tryptophan)). This means that 
these four tRNAs are not homologous to any known tRNA from angiosperms and in the Mitofy 
(Alverson et al., 2010) database. 
 
The genes detected for the four genotypes were similar supporting the level of informative sites at 
5 % that was detected by MEGA 5.1 during the inference without bootstripping. 
7.5 Summary  
The other four founder parents, which were a Malus x domestica Borkh cultivar (‘Anna’) and 
three Malus species Malus platycarpa, Malus sieversii and ‘Mildew Resistant’ were re-sequenced 
to an average depth of 6X. The sequence data was then employed in the construction complete 
master cycle mitochondrial genomes (mtDNA) for the four founder parents and ‘Golden 
Delicious’. This analysis was performed due to the fragmentation observed in the three genetic 
linkage maps. The whole mtDNA and data from apple SNP chip for the five parents was then 
used to perform phylogenetic analysis, in order to determine the genetic relatedness of ‘Russian 
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Seedling’, Malus platycarpa, Malus sieversii (China) and ‘Mildew Resistant’. The phylogenetic 
analysis indicated that ‘Russian Seedling’ was closely related to Malus sieversii and that ‘Mildew 
Resistant’ was closely related to the Malus x domestica Borkh derived cultivars. The analyses also 
showed that ‘Russian Seedling’, Malus platycarpa and Malus sieversii were genetically distant 
from the apple cultivars. 
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Chapter 8: Discussion and Conclusions 
8.1 Introduction 
This work was carried out in order to produce comprehensive genetic maps for  ‘Malus 
platycarpa’ x ‘Mildew Resistant’, ‘Mildew Resistant’ x ‘Golden Delicious’ and ‘Russian 
Seedling’ x ‘Golden Delicious’ segregating crosses with the use of three marker systems these 
being SSRs, DArTs and SNPs. The construction of these genetic maps was to position putative 
QTLs and identify candidate genes implicated in disease resistance for apple scab, powdery 
mildew and woolly apple aphid. These objectives were met during various stages of this work, 
such as the generation of phenotypic data, linkage map construction, QTL detection and the 
sequencing of the parents for phylogenetic analysis. This ultimately led to the identification of 
QTLs for the three diseases under investigation for the three mapping populations. Two candidate 
genes on the Vh4 locus and a cluster of ABC (PDR) domains on the Vh2 locus were also 
identified. Finally a phylogenetic analysis was then performed in order to infer the genetic 
relatedness of the four genotypes used as the parents of the three mapping populations. 
 
8.2 Phylogenetic analysis 
The phylogenetic analysis was performed using both the apple SNP chip data and the whole 
mitochondrial DNA for the four mapping genotypes so as to infer the relatedness of these 
genotypes. The varying lengths of the assembled mitochondrial genotypes showed in the 
inference of relatedness as ‘Anna’ with 396 941 bp, which is a Malus x domestica (Borkh.) 
cultivar had the closet number of nucleotides to the reference mitochondrial genome from 
‘Golden Delicious’ with 396 947. Whilst Malus platycarpa had 396 911 bp and was the futherest 
from the reference genome (section 7.4.2.2). This was also observed with the number of indels 
that were also detected within the four genotypes. Both the phylogenetic inferences showed that 
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‘Russian Seedling’ and Malus sieversii are closely related, whilst the Malus x domestica (Borkh.) 
varieties (‘Golden Delicious’, ‘Anna’, ‘Prima’ and ‘Priscilla’) having a 98 % score after 
bootstrapping. However, Malus platycarpa had a clade of its own in all the phylogenetic 
inferences indicating that it is very far from all the other genotypes hence the big difference in the 
number of indels that were observed in its mitochondrial genome (section 7.3). 
 
8.3 Map Construction 
Linkage maps were constructed consisting of 1593, 616 and 979 markers with map distances of 
1298.8 cM, 1324.3 cM and 1729.9 cM for the three mapping populations  ‘Mildew Resistant’ x 
‘Golden Delicious’, ‘Malus platycarpa’ x ‘Mildew Resistant’ and ‘Russian Seedling’ x ‘Golden 
Delicious’ respectively. The ‘Mildew Resistant’ x ‘Golden Delicious’ was the most 
comprehensive and saturated map as it had the highest number of mapped markers, 1593 in total. 
 
The maps compare favourably to the published SSR and SNP based Malus map which has a map 
coverage of 1 282.2 cM (Antanaviciute et al., 2012). The use of SNPs derived from the genome 
made it easier to align these maps to the pseudo-chromosomes (www.rosaceae.org) and the 
published SNP map. 
 
Seedling and loci pre-selection was performed in terms of removing any loci with 30% missing 
data. Only five seedlings were excluded for the ‘Mildew Resistant’ x ‘Golden Delicious’ cross 
(section 5.3.1), as such individuals would have introduced false crossover events which would 
have lead to an exaggerated map length (Van Ooijen & Voorrips, 1998). The seedlings from the 
other two mapping populations were all used for map construction. Since the Kosambi mapping 
function was used the algorithm would have taken missing data points as probable recombinant 
events. Similarly if any locus has 30% data missing it is considered to have an impact on the 
overall alignment and length of the final map (Jones et al., 1997). 
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8.4 Map fragmentation 
The ‘Russian Seedling’ x ‘Golden Delicious’ and ‘Malus platycarpa’ x ‘Mildew Resistant’ 
mapping populations had fragmented linkage groups. Fragmentation was seen in the Malus 
platycarpa x ‘Mildew Resistant’ with LGs 02, 05, 06, 09 and 10 and the ‘Russian Seedling’ x 
‘Golden Delicious’ cross on LGs 01, 11, 13, 14 and 15. The presence of fragmentation can be 
attributed to several factors such as the relatedness of the mapping genotypes, marker segregation, 
which was observed as multilocus markers and SNP clustering.  
 
8.4.1 Relatedness of the parents 
The fragmentation observed during genetic mapping was probably caused by the distant nature of 
the parents genomes ‘Golden Delicious’, ‘Malus platycarpa’, ‘Mildew Resistant’ and ‘Russian 
Seedling’. Highly genetically divergent parents will lead to high levels of segregation distortion 
during linkage analysis (Jones et al., 1997). The distant nature of these parental genomes led to 
the high levels of segregation distortion of the markers during linkage analysis (section 4.4.6). 
This genetic distance of the parental genotypes was then confirmed by the phylogenetic analysis 
performed on both whole mitochondrial genomes and SNP data (Figures 6.7 to 6.12). ‘Russian 
Seedling’ was shown to be closely related to Malus sieversii and distant from the Malus x 
domestica (Borkh.) cultivars. Whilst Malus platycarpa was distant from all the other mapping 
genotypes meaning that such a parent would lead to high marker segregation ratios as was 
observed during mapping (section .5.4.1)  
 
With such divergent parents the only way to have a complete map is to have a high number of 
markers that segregate in these parents. Micheletti et al., (2011) calculated that the transferability 
of SNP (TSNP) markers between Malus x domestica cultivars was high with an average range TSNP 
of 40.9%. However, the TSNP for genetically distant parents was as low as 25%. As was the case 
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with Malus sieversii related accessions when the SNPs were transferred from Malus x domestica 
cultivars (Micheletti et al., 2011). Therefore the transferability of SNP markers from the apple 
SNP chip in the three mapping populations was relatively low (Chapter 5) since ‘Russian 
Seedling’ and Malus platycarpa that are genetically distant from ‘Golden Delicious’ were used in 
the mapping populations. Micheletti et al., (2011) predicted that at least 2000 informative SNPs 
are required for the building of a saturated genetic linkage map for any Malus x domestica based 
crosses. However, the same SNP array would require more than 3000 informative SNPs to build a 
genetic map for phylogenetically distant Malus species, as was the case with the three parents 
(‘Russian Seedling’, ‘Mildew Resistant’ and Malus platycarpa) that were used in this study. 
 
Since fragmentation was observed in the Malus platycarpa x ‘Mildew Resistant’ and the ‘Russian 
Seedling’ x ‘Golden Delicious’ cross, a targeted screening of the two mapping populations with 
markers that segregate and are informative for ‘Malus platycarpa’ and ‘Russian Seedling’ 
especially SNPs, will allow more of the unlinked SSRs and SNPs to link, thus filling out the gaps. 
This will also add in the formation of saturated genetic maps with complete linkage groups.  
 
8.4.2 SNP Cluster calling 
The fragmentation of the maps might also be attributed to the SNP calling also known as the 
clustering of the SNPs. During SNP calling sub-clustering (section 4.4.1) was witnessed. This 
phenomenon affected the genotype calling process, as individuals were assigned incorrect 
genotypes. This sub-clustering was most likely due to probes detecting more then one locus, one 
of which could be a SNP or indel. This could also arise due to detection of more than one allele 
containing SNPs within the probe sequence (Antanaviciute et al., 2012). However after manual 
inspection of the SNPs most of them were corrected in GenomeStudio (Illumina San Diego, 
USA). Some of the SNPs were putatively heterozygous for the two parents, however some of the 
progeny had segregation patterns that could not be assigned genotypes. This was due to low 
cluster separation calls for the SNPs. These ambiguous genotypes were also found to be due to the 
 
 
 
 
 Page  
 
265 
high levels of paralogous annealing sites and annealing site divergence in the probes contained on 
the apple SNP chip. The presence of these paralogous sites makes it difficult to score genotypes 
reliably in a highly divergent and heterozygous species such as Malus (Michela Troggio et al., 
2013). This was dealt with through the redefining of the clusters manually.  
 
The main issue with the cluster calling in the three populations was that ‘Malus platycarpa’, 
‘Mildew Resistant’ and ‘Russian Seedling’ were not part of the species included during the initial 
process of cluster definition and SNP identification. The apple SNP chip has been developed 
based on domesticated genotypes of apple (Michela Troggio et al., 2013). Therefore, most of the 
unique SNPs that would be segregating for ‘Malus platycarpa’, ‘Mildew Resistant’ and ‘Russian 
Seedling’ were not included in the clusters and on the array. A manual inspection and correction 
of the clusters to include these unique SNPs was done for all the SNPs that had very low call rates 
and separation calls. Antanaviciute, (2012) suggest that a large number of loci for which 
segregation data which was generated using the apple SNP chip, but which could not be mapped 
was due to a number of factors including detection of paralogous loci generated through genome 
wide duplication and copy number variation. An analysis of the apple SNP chip for the 
unexpected clustering was investigated through a BLAST analysis of all the probe sequences 
against the ‘Golden Delicious’ genome sequence. A high proportion of these probes were found 
to have sequence divergence and were multilocus (Michela Troggio et al., 2013). This 
phenomenon was also noted in the three mapping populations as SNPs mapped to alternative LGs 
(section 5.4.1). An analysis of the apple SNP chip on a diverse collection of Malus germplasm 
also revealed that more than 50% of the probes had clustering patterns that were impossible to call 
reliably (Michela Troggio et al., 2013). Therefore, this coupled with the fact that the apple SNP 
chip was designed using probes mostly from domesticated apple varieties meant that the number 
of SNP that would segregate properly from the three species ‘Malus platycarpa’, ‘Mildew 
Resistant’ and ‘Russian Seedling’ would be low. 
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8.4.3 Multilocus markers  
A few deviations in results were observed in mapping some of the markers as compared to the 
apple reference genome positions assigned to them (section 5.4.1). Some of the markers are 
multilocus and this would account for the apparent deviations of mapping positions seen. This can 
be explained by the homologous nature the apple chromosomes which was shown in the Velasco 
et al. (2010) apple genome paper. This homology is explained by the duplication of the ancestral 
apple genome to its current state of 17 chromosomes. Homology is observed between large 
segments of chromosomes 3 and 11, 5 and 10, 9 and 17, 13 and 16 within the Malus genome. 
These types of duplications are also seen on shorter segments throughout the genome 
chromosomes 1 and 7, 2 and 7, 2 and 15, 4 and 12, 12 and 14, 6 and 14, and 8 and 15 (Riccardo 
Velasco et al., 2010).   
 
Despite all the challenges faced with the use of these three marker systems, comprehensive maps 
were generated. The use of SSRs, DArTs and SNPs has been shown to be very reliable for apple 
genomic studies as the call rate and reproducibility is high. However, with the availability of the 
apple reference genome SNPs are the markers that would be most useful as these would lead to 
functional SNPs. DArT genotyping is automated and therefore very accurate (Henk J. Schouten et 
al., 2012). DArT and SNP genotyping platforms are both suitable for high-throughput genotyping 
experiments as shown in this study. The automation enables the systems to have quality checks 
when calling the genotypes (Henk J. Schouten et al., 2012). The generation of a well-defined 
cluster file for Malus SNP mapping will go a long way in solving the minor issues with SNP 
genotyping in Malus. The maps produced in this work also reiterate the importance of the use of 
transferable markers in the view of producing integrated maps that are transferable between 
cultivars. The approach that employs various marker types such as SSRs and SNPs to build 
linkage maps is a powerful strategy that has been utilized in the several maps such as the only 
Malus SNP and SSR map published by Antanaviciute et al. (2012). The use of these transferable 
markers enabled the detection and identification of apple scab resistance genes Vh2 and Vh4 in 
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the ‘Russian Seedling’ x ‘Golden Delicious’ population. The three genetic maps generated were 
successfully used for the identification of putative QTLs and two putative candidate genes for the 
Vh4 apple scab disease resistance locus. However the use of SNP is recommended for any future 
work, there are highly reproducible due to the automation of the genotyping and scoring systems. 
 
8.5 QTL Mapping and observed disease resistance segregation 
The accurate mapping of any disease resistance relies on the generation of high quality 
phenotypic data from segregating mapping populations. The three diseases under investigation, 
apple scab, powdery mildew and woolly apple aphid were investigated under glasshouse 
conditions that provide uniformity of environmental conditions (section 2.3.2). Therefore 
consistence was provided in order to detect the underlining genetic factors contributing towards 
the observed disease resistances. Statistical analysis of the phenotypic data and the genetic linkage 
maps was then employed in order to detect the regions of the genome responsible for the observed 
disease resistances known as QTLs. QTL mapping refers to the genome wide inference of the 
relationship between genotype and phenotype for a particular quantitative trait in terms of the 
genomic position, affect and interaction with other QTLs (Zeng, 2005). In this study genetic maps 
for three outbreed, biparental, segregating populations were then used to determine disease and 
pest resistance QTLs for woolly apple aphid, apple scab and powdery mildew. 
 
The two methods were employed for QTL detection Interval Mapping (section 5.3.1) and 
restricted Multiple QTL Mapping (section 5.3.2), yielded different results, which can be attributed 
to the differences in the QTL detection power of the two methods as well the differences in the 
algorithms employed. Doerge (2002) and Van Ooijen (1998) dissect the differences in power of 
Interval Mapping and Multiple QTL Mapping. Multiple QTL Mapping is the basis upon which 
restricted Multiple QTL Mapping (rMQM) is built and is viewed as the strongest QTL detection 
procedure. Interval Mapping is far less powerful because it assumes a single QTL model and 
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incrementally adds single QTLs to previously detected QTLs. As its major weakness, IM does not 
factor in the interaction of various QTLs as does rMQM. The rMQM analysis is based on the 
identification of co-factors on a multiple, interacting QTL model, which is closest to the natural 
model where epistasis among other gene-gene interactions are observed. rMQM has the capability 
to localize multiple QTL and estimate their effects and interaction. IM was therefore used in this 
study, to give insights on possible QTLs and the cofactors that could be investigated with rMQM 
analysis. Therefore, rMQM was ideal for the provision of a comprehensive inference on the 
overall genetic contributions of each QTL towards the observed disease resistances. Since the aim 
of the study was to localize the QTLs to a genomic region with the most significant effect and 
variation of the observed phenotypic quantitative trait rMQM was seen as the best statistical 
package. Due to these advantages rMQM was then employed to detect putative QTLs for all the 
three mapping populations using the co-factors from IM. 
 
8.5.1 Correlation analysis and phenotypic data 
The correlation analysis was performed by Pearson’s Linear Correlation test (P < 0.001) as 
described in section 2.3.3 and this revealed a positive correlation ranging from R-value 0.087 to 
0.564 between the two seasons of phenotypic data, from all three populations. This was a good 
indicator that the sampling and disease resistance evaluation procedures had been consistent 
between the two seasons. The consistence was required since only two seasons of phenotypic data 
could be collected. 
 
8.5.2 Apple scab putative QTLs and observe resistance segregation 
The apple scab disease resistance segregation ratio for ‘Russian Seedling’ x ‘Golden Delicious’ 
was heavily skewed towards resistance with χ2 of 5.37 and 4.27 for season one and two, 
respectively, for the 3:1 Mendelian segregation ratio (Table 3.2). The ‘Malus platycarpa’ x 
‘Mildew Resistant’ mapping population also differed significantly from the 1:1 ratio and had 
phenotypic segregation ratio that supported a goodness of χ2 = 3:1. The ‘Malus platycarpa’ x 
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‘Mildew Resistant’ mapping population had χ2 values of 3.88 and 0.42 for season one and two 
respectively (Table 3.2). This type of ratio would suggest that two or more genes/loci were 
involved in inferring resistance to apple scab to these two populations (Vincent G. M. Bus et al., 
2010). These observed resistances were then confirmed with the detection of seven putative QTLs 
for the ‘Russian Seedling’ x ‘Golden Delicious’ (section 5.4.3.3). However, the ‘Malus 
platycarpa’ x ‘Mildew Resistant’ mapping population presented with one QTL in each season. 
This could have been due to the nature of the inoculums that were used in the two seasons, as 
mixed cultures were obtained from orchards. If different races were involved in the infection they 
would elicit different disease resistance reactions as well (Jha, Thakur, & Thakur, 2009).  
 
However the ‘Mildew Resistant’ x ‘Golden Delicious’ mapping populations presented a 
phenotypic segregation ratio that supported a goodness of fit of χ2 = 1:1 for the two seasons. This 
segregation ratio is significant in that it is associated with the segregation of a major gene/QTL 
from a heterozygous dominant parent (St. Clair, 2010). However this phenotypic segregation was 
not supported with the genetic data as the ‘Mildew Resistant’ x ‘Golden Delicious’ mapping 
populations had five QTLs detected for apple scab resistance. This deviation might have been due 
to the recurrent QTL that was found in both seasons and explained between 14.6% and 16.4% of 
the observed variation. This QTL would have been picked up by the less stringent phenotypic 
data analysis as the single QTL that's dominant. This recurrent QTL was found on LG 10 and 
localized with SNP marker R_13071892_Lg10 (Table 5.4).  
 
8.5.3 Powdery mildew putative QTLs and observed resistance 
segregation 
The ‘Malus platycarpa’ x ‘Mildew Resistant’ and ‘Mildew Resistant’ x ‘Golden Delicious’ 
mapping populations presented with a 3:1 (resistant: susceptible) segregation ratio, for both the 
two seasons (section 3.1.2). This was supported by the χ2 = 3:1 values that indicate the data 
significantly differed from the expected Mendelian ratio for a single dominant gene (χ2 = 1:1). 
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The genetic data also supported this (section 5.3.2) in which several QTLs on different linkage 
groups were identified in both populations contributing towards the resistance to powdery 
mildew. The two mapping populations had four and three powdery mildew resistance putative 
QTLs for ‘Malus platycarpa’ x ‘Mildew Resistant’ and ‘Mildew Resistant’ x ‘Golden Delicious’ 
crosses, respectively (section 5.3.2). 
 
The ‘Russian Seedling’ x ‘Golden Delicious’ cross however exhibited a 1:1 (R:S) segregation 
ratio, indicative of a major resistance gene/QTL being responsible for the observed resistance in 
the progeny (section 3.1.2). This was supported by the low chi-square values of χ2=0.29 and 
χ2=1.99 for the two seasons. This observation was then supported with the rMQM QTL mapping 
with the detection of one dominant QTL on LG 01 with LOD scores and observed percentage 
variances of 5.67; 27.6% from season one and 6.08; 29.2% for season two, respectively. 
 
The observed disease resistance segregation ratios for powdery mildew resistance were all 
supported with the genetic data. This means that the phenotypic data collect was consistent and 
accurate with the maps produced for the three mapping populations. 
 
8.5.4 Woolly Apple Aphid putative QTLs and observed resistance 
segregation 
All the three populations had χ2 values that significantly differed from the 1:1 Mendelian ratio for 
the segregation of a major gene/QTL section 3.1.2, which was indicative of more than one major 
gene conferring the resistance. This was then shown in the genetic analysis of the three 
populations, as several QTLs explaining a range of genetic variances were detected for each 
mapping population (section 5.3.2).  As with apple scab and powdery mildew, the segregation 
ratios of the woolly apple aphid disease resistance phenotypic data were supported genetically. 
Five, three and two putative QTLs were detected for the ‘Mildew Resistant’ x ‘Golden Delicious’, 
‘Malus platycarpa’ x ‘Mildew Resistant’ and ‘Russian Seedling’ x ‘Golden Delicious’ mapping 
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populations, respectively (section 5.3.2). 
 
The phenotypic data that was collected was inline with the genetic factors that were detected 
using rMQM analysis, except for the ‘Mildew Resistant’ x ‘Golden Delicious’ mapping 
population that showed a single gene segregation and had several QTLs for powdery mildew, 
although this could have been due to the recurrent QTL that was detected on LG 10. Therefore, 
the methods for phenotypic data collection, genetic linkage map construction and QTL detection 
were consistent and can be recommended for any future work.  
 
8.6 Candidate genes 
A candidate gene analysis was performed on two QTLs detected for apple scab resistance on LG 
02 of the ‘Russian Seedling’ x ‘Golden Delicious’ mapping population. The proximal and distal 
QTLs on LG 02 were found to coincide with the Vh4 and Vh2 genes for apple scab resistance 
(section 6.4.4), respectively. 
 
8.6.1 ‘Russian Seedling’ apple scab resistance LG 02 QTLs 
A full Pfam analysis carried out on the two QTL regions detected on LG 02 of ‘Russian Seedling’ 
yielded results that indicated the presence of a natural pyramid/cluster of disease resistance genes 
(section 6.4.2). This was followed by the extraction of the genomic regions for both the proximal 
and distal QTLs for gene identification using Phytozome (Goodstein et al., 2012) and Genome 
Database for Rosaceae GDR (Jung et al., 2008). These genes will be the basis upon which any 
future work for cisgenic apples will be built upon.  
 
8.6.1.1 Vh4 candidate gene cluster 
The proximal QTL was determined to be roughly 60 kb in length by the flanking markers. This 
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proximal QTL (Vh4) of LG 02 had a cluster of LRRs related resistance proteins that were 
predicted by a full Pfam domain search. The 60 kb region was then mined from chromosome two 
of the apple reference genome and used for analysis through a Phytozome (Goodstein et al., 2012) 
and Genome Database for Rosaceae GDR (Jung et al., 2008) BLAST search in order to identify 
any genes that were present. The BLAST search of the 60 kb sequence resulted in the 
identification of two candidate disease resistance genes with both platforms.  
 
MDP0000651344 transcript was identified as being an LRR cluster that was within the 60 kb 
fragment in which Vh4 is believed to lay within. The MDP0000128458 transcript coding for a 
Ser/Thr phosphatase that potentially regulates the activity of an MAPK cascade was also detected 
within the fragment. The MAPK cascade has been identified as one of the signaling cassettes that 
transduce intracellular signals for the hypersensitive response that is associated with the gene-for-
gene disease resistance response (X. Zhang et al., 2013). The hypersensitive response is the key 
response that is also associated with Vh4 resistance in apples. Similarly a complex comprising of 
a Ser/Thr phosphatase and a LRR domain was identified in ‘Evereste’ as candidate genes 
responsible for the resistance of fire blight (Parravicini et al., 2011). However, a comprehensive 
analysis of these candidate genes is required in order to identify the correct mechanism of the 
apple scab resistance being observed. 
 
8.6.1.2 Vh2 candidate gene cluster 
This distal apple scab resistance QTL was determined by a set of SSR markers to coincide with 
the Vh2 locus. This was determined to be roughly a 600 kb region on chromosome two of the 
apple reference genome sequence (section 6.4.1). The distal QTL (Vh2) had two clusters of ABC 
(PDR) disease resistance related genes that were predicted using a full Pfam domain search. A 
similar BLAST search as above was performed using the two platforms Phytozome (Goodstein et 
al., 2012) and Genome Database for Rosaceae GDR (Jung et al., 2008). This BLAST search 
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confirmed the presence of an ABC complex on this 600 kb fragment. As mentioned in section 
6.7.2 the ABC transporter genes constitute important complexes that contain ABC-Pleiotropic 
Drug Resistance (ABC-PDR) genes. The ABC-PDR complexes play an important role in 
imparting resistance to fungal attacks to plants. This ability to impart durable resistance to fungal 
attacks has been demonstrated in several plant systems, for example, in N. plumbaginifolia,  and 
adult rice plants.  
 
Therefore such an aggregation of disease resistance genes means that ‘Russian Seedling’ is a good 
candidate for gene mining in order to use in cisgenics for the South African apple breeding 
program. Cisgenics has the potential to avoid the major bottleneck of traditional breeding, which 
is the crossing over undesired traits from the wild donor in this case ‘Russian Seedling’ into the 
elite commercial cultivar. Hence the identification of candidate genes is a step in the direction of 
providing the tools that will be necessary for the development of a cisgenic apple in future. 
 
8.7 Cisgenic approach 
A cisgenic approach involves the insertion into a recipient plant one or more natural genes from a 
crossable sexually compatible plant. The lack of use of selectable genes, for example, antibiotics 
or herbicide resistance genes in the recipient plant and the use of genes derived from same species 
raises fewer environmental and customer concerns. In cisgenic plants the gene of interest and the 
promoter have to be present in the species and in the sexually compatible relative. Therefore 
cisgenesis will not alter the gene pool of the recipient species (Vanblaere et al., 2011). 
 
Cisgenesis has the great advantage of overcoming one of the major bottlenecks in traditional 
breeding. That is during introgression breeding when a wild species is crossed with a high value 
domesticated genotype, the wild relative passes on the genes of interest as well as other 
deleterious genes(Henk J Schouten, Krens, & Jacobsen, 2006). This is referred to as linkage drag 
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and this slows down the breeding process greatly. Several generations of recurrent backcrossing 
with the domesticated species are required to eliminate the undesirable genes (Viswanath & 
Strauss, 2010). This will be the case with the three genotypes ‘Russian Seedling’, ‘Mildew 
Resistant’ and ‘Malus platycarpa’ as these have been shown to be very distant genetically from 
the domesticated apple genotypes (section 7.3). Cisgenesis is an alternative to the traditional 
method of introgression of desirable genes as this approach isolates the desired genes from the 
donor plant, which are then inserted into the recipient plant avoiding all the undesirable wild 
genes.  
 
However in order to generate cisgenic plants, cisgenesis requires that the gene of interest be 
isolated and be thoroughly characterized. The recipient plant also needs to be assessed to identify 
if the relevant regulatory sequences, such as the native promoter and terminator sequences (Joshi 
et al., 2011). Targeted gene insertion using, for example, the Transcription Activator-Like effector 
Nucleases (TALEN) or Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) 
system can be employed. After the insertion of the desired gene/s the cisgenic plants need to be 
tested to confirm that they contain only the intended modifications and no foreign genes such as 
the plasmid backbone used in the transformations have been inserted. Therefore, for the cisgenic 
introgression of the Vh4 and Vh2 candidate genes into commercial cultivars, a detailed study of 
these genes needs to be carried out, followed by the identification of the necessary regulatory 
sequences for the desired genes. Then the rounds of orchard tests for gene stability must be 
performed before a commercial cisgenic apple can be marketed. 
 
8.8 Conclusions and recommendations 
 
In conclusion, this study has led to the successful construction of dense integrated genetic linkage 
maps using the three marker systems (SSRs, DArTs and SNPs), which led to QTL detection and 
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the identification of candidate genes for apple scab resistance in the ‘Russian Seedling’ x ‘Golden 
Delicious’ mapping population. The re-sequenced data and the apple SNP chip data was then used 
to infer the genetic relatedness of the four genotypes used as parents for the three segregating 
populations.  
 
Using both whole mitochondrial sequences and the apple SNP chip data for the four genotypes a 
phylogenetic inference was done in order to determine the genetic relatedness of these four 
parents. ‘Russian Seedling’ was found to genetically close to Malus sieversii. Malus platycarpa 
did not group with any of the genotypes and was very distant genetically. Mildew Resistant’ was 
relatively close to the Malus x domestica (Borkh) cultivars. Therefore, the ‘Russian Seedling’ x 
‘Golden Delicious’ and the ‘Mildew Resistant’ x Malus platycarpa mapping populations had 
fragmented linkage groups due to the genetic divergence between the parents. 
 
SSRs, DArTs and SNPs were successfully tested, scored and mapped on the ‘Mildew Resistant’ x 
‘Golden Delicious’, ‘Russian Seedling’ x ‘Golden Delicious’ and Malus platycarpa x ‘Mildew 
Resistant’ mapping populations to create integrated genetic linkage maps. SNPs have supplied the 
bulk of the markers and have provided the majority of the genetic information required for the 
detection of putative QTLs and candidate genes. Therefore it is recommended to use SNPs for 
any future genetic mapping work. However the development of a calling cluster that includes 
more Malus species should be carried out, as this will enable researchers to use the apple SNP 
chip for detection of novel genes from a wider range of Malus genotypes. Also it should be noted 
that due to the small size of the mapping populations this study might have missed some 
important recombinant events within these three populations. Therefore, the maps and phenotypic 
data can be improved by the use of larger mapping populations.  
 
As the detection of putative QTLs was one of the main aims of this study, a combined total of 34 
putative QTLs were detected for all three mapping populations for the three disease resistances 
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under investigation. The ‘Mildew Resistant’ x ‘Golden Delicious’ mapping population had the 
highest number of putative QTLs detected, with 17 QTLs, whilst the ‘Russian Seedling’ x 
‘Golden Delicious’ mapping population had the least number of putative QTLs (section 5.4.2). 
 
With the detection of two candidate genes for the Vh4 locus, further analysis to determine the 
gene responsible for the resistance of apple scab race 4 is now possible. Should the gene 
responsible for this resistance be validated, the use of cisgenics will be the most suitable route to 
take in the introgression of the gene into commercial cultivars. Due to the use of ‘Russian 
Seedling’, which is phylogenetically distant from any of the commercial cultivars (section 7.3), it 
would require several generations of MAS in order to introgress the Vh4 gene into any of the 
commercial cultivars without significant linkage drag. The use of the cisgenics approach is more 
viable as it will eliminate the undesirable genetic background from ‘Russian Seedling’ as 
compared to MAS, which will require several generations to eliminate the undesirable genetic 
background surrounding the gene. Currently, a cisgenic apple plant was generated by inserting the 
endogenous apple scab resistance gene HcrVF2 under the control of its own regulatory sequences 
into ‘Gala’ (Vanblaere et al., 2011).  
 
 
Dense genetic maps coupled with putative QTLs and two candidate genes were identified. The 
phylogenetic analysis showed that ‘Russian Seedling’ from which the candidate genes are derived 
from is divergent from the commercial apple cultivars. Therefore, the best way for the 
introgression of candidate disease resistance genes from the ‘Russian Seedling’ x ‘Golden 
Delicious’ cross into commercial cultivars will be through cisgenics. 
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Appendices  
Appendix 1: D QTL Negative Strand Pfam Domains 
Start End Note 1 Accession Score E-value Domain database 
3306 3332 ABC-2 type transporter PF01061 147,2 9,1E-41 ABC2_membrane Full PFAM 
5328 5494 Integrase core domain PF00665 196,3 1,5E-55 rve Full PFAM 
5328 5494 Integrase core domain PF00665 162,9 1,7E-45 rve Full PFAM 
6321 6575 Reverse transcriptase (RNA-
dependent DNA polymerase) 
PF07727 1087,5 0 RVT_2 Full PFAM 
6321 6575 Reverse transcriptase (RNA-
dependent DNA polymerase) 
PF07727 956,8 1,8E-284 RVT_2 Full PFAM 
9038 9303 Cytochrome P450 PF00067 197,5 2E-60 p450 Full PFAM 
21825 21840 Reverse transcriptase (RNA-
dependent DNA polymerase) 
PF07727 43,9 2E-12 RVT_2 Full PFAM 
21834 22074 Reverse transcriptase (RNA-
dependent DNA polymerase) 
PF07727 -20,8 8,5E-14 RVT_2 Full PFAM 
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21843 21874 Reverse transcriptase (RNA-
dependent DNA polymerase) 
PF07727 113,3 5E-33 RVT_2 Full PFAM 
21876 21901 Reverse transcriptase (RNA-
dependent DNA polymerase) 
PF07727 1087,5 0 RVT_2 Full PFAM 
21902 21972 Reverse transcriptase (RNA-
dependent DNA polymerase) 
PF07727 113,3 5E-33 RVT_2 Full PFAM 
22014 22061 Reverse transcriptase (RNA-
dependent DNA polymerase) 
PF07727 43,9 2E-12 RVT_2 Full PFAM 
22059 22089 Reverse transcriptase (RNA-
dependent DNA polymerase) 
PF07727 1087,5 0 RVT_2 Full PFAM 
22925 22938 Integrase core domain PF00665 196,3 1,5E-55 rve Full PFAM 
25063 25098 ABC-2 type transporter PF01061 116,7 3,9E-32 ABC2_membrane Full PFAM 
26272 26283 ABC transporter transmembrane 
region 2 
PF06472 193,7 9E-55 ABC_membrane_2 Full PFAM 
33171 33207 Retrotransposon gag protein PF03732 86,2 3,7E-24 Retrotrans_gag Full PFAM 
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33171 33246 Retrotransposon gag protein PF03732 48,6 4,3E-11 Retrotrans_gag Full PFAM 
35933 36024 Cytochrome P450 PF00067 80,1 2,1E-24 p450 Full PFAM 
36023 36127 Cytochrome P450 PF00067 197,5 2E-60 p450 Full PFAM 
38456 38912 Cytochrome P450 PF00067 57,8 3,5E-16 p450 Full PFAM 
38718 38912 Cytochrome P450 PF00067 215,5 6,1E-66 p450 Full PFAM 
39796 39819 ABC-2 type transporter PF01061 116,7 3,9E-32 ABC2_membrane Full PFAM 
43938 44050 Integrase core domain PF00665 68,5 3,5E-18 rve Full PFAM 
44354 44468 Reverse transcriptase (RNA-
dependent DNA polymerase) 
PF07727 1087,5 0 RVT_2 Full PFAM 
47660 47671 ABC transporter transmembrane 
region 2 
PF06472 228,2 3,7E-65 ABC_membrane_2 Full PFAM 
49233 49378 Cupin PF00190 129,3 2,2E-35 Cupin_1 Full PFAM 
49251 49378 Cupin PF00190 130,1 7,3E-36 Cupin_1 Full PFAM 
62382 62523 Endonuclease/Exonuclease/phospha
tase family 
PF03372 60 2,2E-16 Exo_endo_phos Full PFAM 
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67135 67227 Retrotransposon gag protein PF03732 86,2 3,7E-24 Retrotrans_gag Full PFAM 
67135 67227 Retrotransposon gag protein PF03732 48,6 4,3E-11 Retrotrans_gag Full PFAM 
71497 71564 ABC-2 type transporter PF01061 147,2 9,1E-41 ABC2_membrane Full PFAM 
73126 73137 ABC transporter PF00005 129,7 1,7E-35 ABC_tran Full PFAM 
73267 73279 Reverse transcriptase (RNA-
dependent DNA polymerase) 
PF07727 43,9 2E-12 RVT_2 Full PFAM 
77411 77555 Reverse transcriptase (RNA-
dependent DNA polymerase) 
PF00078 83,6 8,8E-22 RVT_1 Full PFAM 
79086 79191 Endonuclease/Exonuclease/phospha
tase family 
PF03372 40,1 9,2E-11 Exo_endo_phos Full PFAM 
93450 93540 Integrase core domain PF00665 68,5 3,5E-18 rve Full PFAM 
93468 93613 Integrase core domain PF00665 162,9 1,7E-45 rve Full PFAM 
93532 93613 Integrase core domain PF00665 196,3 1,5E-55 rve Full PFAM 
93907 94163 Reverse transcriptase (RNA-
dependent DNA polymerase) 
PF07727 1087,5 0 RVT_2 Full PFAM 
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93907 94163 Reverse transcriptase (RNA-
dependent DNA polymerase) 
PF07727 956,8 1,8E-284 RVT_2 Full PFAM 
98936 98956 Plant PDR ABC transporter 
associated 
PF08370 90,1 2,4E-25 PDR_assoc Full PFAM 
106901 106978 ABC transporter transmembrane 
region 2 
PF06472 228,2 3,7E-65 ABC_membrane_2 Full PFAM 
107184 107255 ABC transporter transmembrane 
region 2 
PF06472 228,2 3,7E-65 ABC_membrane_2 Full PFAM 
107301 107404 ABC transporter transmembrane 
region 2 
PF06472 193,7 9E-55 ABC_membrane_2 Full PFAM 
107962 108024 ABC transporter PF00005 54,7 1,7E-14 ABC_tran Full PFAM 
108598 108631 ABC transporter transmembrane 
region 2 
PF06472 193,7 9E-55 ABC_membrane_2 Full PFAM 
108725 108762 ABC transporter transmembrane 
region 2 
PF06472 193,7 9E-55 ABC_membrane_2 Full PFAM 
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108941 108973 ABC transporter transmembrane 
region 2 
PF06472 99,1 1,7E-26 ABC_membrane_2 Full PFAM 
109070 109102 ABC transporter transmembrane 
region 2 
PF06472 99,1 1,7E-26 ABC_membrane_2 Full PFAM 
109146 109198 ABC transporter transmembrane 
region 2 
PF06472 228,2 3,7E-65 ABC_membrane_2 Full PFAM 
109229 109253 ABC transporter transmembrane 
region 2 
PF06472 99,1 1,7E-26 ABC_membrane_2 Full PFAM 
109374 109422 ABC transporter transmembrane 
region 2 
PF06472 228,2 3,7E-65 ABC_membrane_2 Full PFAM 
110013 110079 ABC transporter PF00005 129,7 1,7E-35 ABC_tran Full PFAM 
110248 110264 ABC transporter PF00005 129,7 1,7E-35 ABC_tran Full PFAM 
111428 111443 ABC transporter transmembrane 
region 2 
PF06472 193,7 9E-55 ABC_membrane_2 Full PFAM 
113722 113804 hAT family dimerisation domain PF05699 81,8 4,3E-21 hATC Full PFAM 
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113731 113804 hAT family dimerisation domain PF05699 84,9 1,6E-23 hATC Full PFAM 
122756 122798 ABC-2 type transporter PF01061 116,7 3,9E-32 ABC2_membrane Full PFAM 
125912 126112 Protein kinase domain PF00069 232,3 2,2E-66 Pkinase Full PFAM 
125912 126026 Protein tyrosine kinase PF07714 196 2,6E-56 Pkinase_Tyr Full PFAM 
125912 126182 Protein kinase domain PF00069 169,9 1,3E-47 Pkinase Full PFAM 
125912 126182 Protein tyrosine kinase PF07714 90,1 1,4E-23 Pkinase_Tyr Full PFAM 
126041 126111 Protein tyrosine kinase PF07714 196 2,6E-56 Pkinase_Tyr Full PFAM 
126163 126182 Protein kinase domain PF00069 232,3 2,2E-66 Pkinase Full PFAM 
126164 126182 Protein tyrosine kinase PF07714 196 2,6E-56 Pkinase_Tyr Full PFAM 
144023 144050 ABC transporter PF00005 54,7 1,7E-14 ABC_tran Full PFAM 
144161 144203 ABC transporter PF00005 129,7 1,7E-35 ABC_tran Full PFAM 
144329 144393 ABC transporter PF00005 54,7 1,7E-14 ABC_tran Full PFAM 
144495 144628 ABC-2 type transporter PF01061 147,2 9,1E-41 ABC2_membrane Full PFAM 
144495 144785 ABC-2 type transporter PF01061 70,7 1E-17 ABC2_membrane Full PFAM 
144668 144723 ABC-2 type transporter PF01061 116,7 3,9E-32 ABC2_membrane Full PFAM 
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144758 144785 ABC-2 type transporter PF01061 147,2 9,1E-41 ABC2_membrane Full PFAM 
144822 144884 Plant PDR ABC transporter 
associated 
PF08370 81,2 6,8E-21 PDR_assoc Full PFAM 
144831 144877 Plant PDR ABC transporter 
associated 
PF08370 90,1 2,4E-25 PDR_assoc Full PFAM 
145075 145286 ABC transporter PF00005 129,7 1,7E-35 ABC_tran Full PFAM 
145075 145306 ABC transporter PF00005 80,4 1,2E-20 ABC_tran Full PFAM 
145511 145551 ABC-2 type transporter PF01061 147,2 9,1E-41 ABC2_membrane Full PFAM 
145551 145842 ABC-2 type transporter PF01061 69 3,1E-17 ABC2_membrane Full PFAM 
145595 145650 ABC-2 type transporter PF01061 116,7 3,9E-32 ABC2_membrane Full PFAM 
145686 145770 ABC-2 type transporter PF01061 116,7 3,9E-32 ABC2_membrane Full PFAM 
145810 145842 ABC-2 type transporter PF01061 116,7 3,9E-32 ABC2_membrane Full PFAM 
168526 168696 Protein kinase domain PF00069 232,3 2,2E-66 Pkinase Full PFAM 
168526 168640 Protein tyrosine kinase PF07714 196 2,6E-56 Pkinase_Tyr Full PFAM 
168526 168832 Protein kinase domain PF00069 169,9 1,3E-47 Pkinase Full PFAM 
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168655 168674 Protein tyrosine kinase PF07714 196 2,6E-56 Pkinase_Tyr Full PFAM 
 
 
Appendix 2: P QTL negative strand Pfam domains 
 
Start End Note 1 Accession Score E-value Domain database 
2670 2691 Leucine Rich Repeat PF00560 95,6 3,1E-25 LRR_1 Full PFAM 
2693 2714 Leucine Rich Repeat PF00560 95,6 3,1E-25 LRR_1 Full PFAM 
2716 2737 Leucine Rich Repeat PF00560 95,6 3,1E-25 LRR_1 Full PFAM 
2739 2760 Leucine Rich Repeat PF00560 95,6 3,1E-25 LRR_1 Full PFAM 
2762 2783 Leucine Rich Repeat PF00560 95,6 3,1E-25 LRR_1 Full PFAM 
2785 2806 Leucine Rich Repeat PF00560 95,6 3,1E-25 LRR_1 Full PFAM 
2808 2829 Leucine Rich Repeat PF00560 95,6 3,1E-25 LRR_1 Full PFAM 
2831 2849 Leucine Rich Repeat PF00560 95,6 3,1E-25 LRR_1 Full PFAM 
2854 2877 Leucine Rich Repeat PF00560 95,6 3,1E-25 LRR_1 Full PFAM 
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2879 2900 Leucine Rich Repeat PF00560 95,6 3,1E-25 LRR_1 Full PFAM 
2902 2920 Leucine Rich Repeat PF00560 95,6 3,1E-25 LRR_1 Full PFAM 
11514 11590 Pyridine nucleotide-disulphide 
oxidoreductase 
PF00070 61 4,8E-17 Pyr_redox Full PFAM 
11692 11723 Diacylglycerol acyltransferase PF03982 22,8 0,00000077 DAGAT Full PFAM 
14518 14542 Histone deacetylase (HDAC) interacting PF08295 13,3 0,0071 HDAC_interact Full PFAM 
15044 15068 Leucine Rich Repeat PF00560 73,3 1,5E-18 LRR_1 Full PFAM 
15044 15068 Leucine Rich Repeat PF00560 95,6 3,1E-25 LRR_1 Full PFAM 
18730 18879 Protein of unknown function (DUF1336) PF07059 -89,2 0,0033 DUF1336 Full PFAM 
18787 18857 Protein of unknown function (DUF1336) PF07059 47,3 1,7E-13 DUF1336 Full PFAM 
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Appendix 3 
 
Figure 6.9: The annotated mitochondrial genome of ‘Anna’. 
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  Figure 6.10: The annotated mitochondrial genome of Malus sieversii. 
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Figure 6.12: The annotated mitochondrial genome of Malus platycarpa. 
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Figure 6.13: The annotated mitochondrial genome of ‘Russian Seedling’ 
 
 
 
 
 
